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Corticosteroids are key regulatory hormones involved in many aspects of physiology and have long 
been known to exert rapid and delayed effects. The delayed corticosteroid effects are mediated by 
transcriptional events downstream of glucocorticoid receptor activation. Conversely, the rapid effects 
are mediated independently of transcriptional regulation and are thought to involve non-classical 
steroid receptors and signaling pathways. Lately, research has begun to focus on delineating the rapid 
and nongenomic actions of glucocorticoids but most of these studies have been on mammalian 
models. Cortisol, the primary corticosteroid in teleosts, is an established genomic regulator of the 
physiological response to stress, but very little is known about either the rapid effects or their 
mechanisms of action in non-mammalian vertebrates. Additionally, nongenomic glucocorticoid action 
in the liver is poorly characterized in all animal species despite the importance of this organ in 
regulating glucocorticoid-mediated physiological adjustments during stress adaptation. The primary 
objective of this thesis is to investigate the rapid glucocorticoid effects, and their mode of action, 
associated with stressor-induced corticosteroid elevation in fish liver. The overriding hypothesis is 
that rapid effects of cortisol on acute stress adaptation involve changes to liver membrane order and 
rapid modulation of stress signaling pathways in rainbow trout (Oncorhynchus mykiss), a well studied 
teleost model. This hypothesis was tested by examining rapid plasma membrane and intracellular 
responses following stressor-induced cortisol elevations in vivo, as well as to cortisol treatment in 
vitro using liver plasma membrane, tissue slices, hepatocytes in suspension, or primary culture of 
hepatocytes. 
 Steroid hormones are lipophilic molecules and freely incorporate into the plasma membrane. 
Through noncovalent interactions (hydrogen bonds and Van der Waal forces), glucocorticoids can 
potentially alter physical properties of the plasma membrane, thus leading to intracellular responses. 
The effect of stressor-induced cortisol elevations on physical changes to the hepatic plasma 
membrane was investigated by measuring the microviscosity of the plasma membrane. Plasma 
membrane fluidity (inverse of microviscosity) is an important determinant of transmembrane protein 
function, and changes to lipid order can transmit extracellular signals by activating membrane-
associated signaling pathways. Fluidity of purified liver plasma membranes was monitored using 
steady-state fluorescence polarization of 1,6-diphenyl-1,3,5 hexatriene, a well characterized 
membrane probe. In addition to measuring lipid dynamics, the effect of cortisol on plasma membrane 
structure and surface properties were also investigated using atomic force microscopy. The effect of 
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cortisol on the activation of key stress signaling pathways, including protein kinase (PKA), protein 
kinase (PKC), Akt, and mitogen-activated protein kinase (MAPK), was tested in fish liver. Also, as 
acute stress adaptation is regulated by an integrative hormonal response involving catecholamines 
(primarily epinephrine), the rapid effect of cortisol action on adrenergic signaling in the liver was 
evaluated in vitro. Finally, an attempt was made to identify cortisol-binding plasma membrane 
protein, as glucocorticoids are also thought to mediate rapid effects through a novel membrane 
glucocorticoid receptor. 
 The results demonstrate for the first time that stressor exposure significantly increases liver 
plasma membrane fluidity (decreased microviscosity). A role for cortisol in mediating stressor-
induced fluidization was confirmed in vitro, as physiological stress levels of this steroid (≥100 ng/ml) 
significantly increased liver plasma membrane fluidity. In addition to increasing lipid fluidity, acute 
stress and cortisol treatment altered membrane topography, including changes to membrane 
microdomains. The stressor-induced cortisol elevation also rapidly modulated major signaling 
cascades in rainbow trout liver, including PKA, PKC, and ERK1/2 MAPKs. A role for cortisol in the 
activation of these kinase pathways was confirmed in vitro. Specifically, cortisol rapidly and 
transiently increases cyclic AMP (cAMP) accumulation and induces the phosphorylation of PKA 
substrate proteins, including cAMP response element-binding (CREB) protein. In addition to 
activating PKA signaling, cortisol rapidly induced phosphorylation of PKC and Akt substrate 
proteins, while stimulating p38 MAPK dephosphorylation in vitro. Moreover, rapid cortisol signaling 
may stimulate metabolite oxidation in order to maintain the energy balance within liver tissue as 
cortisol acutely depleted key liver metabolites (including liver glucose), suggesting enhanced 
turnover without impacting the steady-state adenylate energy charge ratio (measure of the energy 
status of the cell). Also, rapid effects of cortisol alter the hormonal responsiveness of hepatocytes to 
adrenergic stimulation, including suppression of epinephrine-stimulated cAMP-CREB activation and 
glucose production. Preliminary results point to a plasma membrane protein that specifically binds 
cortisol in trout liver, but this remains to be characterized. Also, in addition the membrane-mediated 
response, mifepristone, a glucocorticoid receptor (GR)-antagonist, blocked some rapid cortisol effects 
suggesting the possible involvement of GR signaling pathway. 
Until now, cortisol has been primarily thought to play a role in the long-term recovery 
process to acute stress by enhancing plasma glucose levels through the upregulation of liver 
gluconeogenic capacity. The results presented in this thesis provide evidence for a novel role for rapid 
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cortisol action on the acute metabolic adjustments that support liver function immediately following 
acute stressor exposure.  Particularly, the results lead to the proposal that acute cortisol action 
stabilizes the energy status of the cell by maintaining ATP levels through increased metabolite 
turnover, suggesting enhanced metabolic activity of the liver immediately following acute stressor 
exposure. While the mechanism is unclear, plasma membrane alterations in response to cortisol 
intercalation may facilitate rapid steroid signaling either through mechanotransduction or by altering 
activity of plasma membrane proteins. The structural changes to the plasma membrane in response to 
acute stressor exposure and/or cortisol treatment highlight a novel membrane-mediated mechanism of 
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In response to stressful stimuli (physical, chemical or psychological) the neuroendocrine 
stress-axis is activated, which co-ordinates physiological adjustments, ultimately resulting in altered 
digestive, respiratory, metabolic, osmoregulatory, immunologic and reproductive status (Sapolsky et 
al., 2000). The neuroendocrine stress system is a well conserved and integrated physiological 
response which involves the rapid secretion of stress hormones, principally catecholamines 
(norephinephrine and epinephrine) and glucocorticoids (GC; cortisol in mammals and teleost or 
corticosterone in rats, mice, birds, amphibians and reptiles; Sapolsky et al., 2000). The mechanism of 
action and cellular effects of catecholamines and GC are of primary concern as dysregulation of the 
stress axis has several harmful consequences, including impaired growth, metabolism, immune 
function and reproduction (Romero et al., 2009; Vegiopoulos and Herzig, 2007). Consequently, 
sustained activation or suppression of the stress-axis can result in several stress-related diseases, 
which not only wreak havoc on the individual but can potentially damage population dynamics 
(Romero et al., 2009).  
Whereas catecholamines are generally associated with rapid activation of the fight-or-flight 
response, GC is generally thought to elicit delayed effects (within hours or days) that are essential for 
stress adaptation (Mommsen et al., 1999). The delayed effects of GC are thought to be mediated by 
genomic action and include the activation of the ligand-bound transcription factor, the glucocorticoid 
receptor (GR) (Bury and Sturm, 2007). In addition to genomic regulation, steroid hormones also 
stimulate rapid effects, which are independent of gene transcription (Borski, 2000). Unlike the 
classical steroid signaling pathway, the nongenomic role of GC in mediating the acute stress response 
is underrepresented in the scientific literature (Borski, 2000). Although the mechanisms are still under 
investigation, it is well established that GC elicit rapid inhibitory effects on the mammalian stress-
axis (Groeneweg et al., 2011), while the contribution of rapid GC action in peripheral tissues, 
including liver, following acute stress is poorly characterized across vertebrates (Borski, 2000). The 
liver is a primary target tissue for GC as it is an essential contributor to the metabolic readjustments in 
response to stressor exposure. To date, most studies have examined the delayed cellular responses to 
cortisol, whereas few studies have examined whether this steroid hormone also elicits rapid effects in 
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the liver. Considering plasma cortisol levels increase several minutes after an acute stressor it is likely 
that cortisol acutely regulates liver function and plays an important physiological role in supporting 
homeostatic recovery from the stressor. Also, research conducted to date has primarily examined 
rapid GC action in mammalian models, whereas the function of non-classical GC signaling in teleost 
is largely unknown. Therefore, the purpose of this thesis was to investigate whether cortisol mediates 
rapid effects in rainbow trout and to elucidate the possible mode of action leading to the overall 
contribution of rapid cortisol action on liver function.   
1.2 Stress Response  
The generalized stress response is activated in response to homeostatic disruption by either 
internal (e.g. infection) or external (e.g. predation, environmental changes) stressors (Sapolsky et al., 
2000). Although less studied, the stress response in fish appears to be very similar to the response 
seen in mammals (Mommsen et al., 1999). The physiological response to acute stress (Fig.1-1) is 
often characterized as two phases, a primary and secondary response (Mommsen et al., 1999). The 
primary response involves neuroendocrine activation, resulting in an initial induction of the 
sympathetic nervous system, stimulating the release of catecholamines from chromaffin cells within 
the head kidney (analogous to adrenal medulla). Simultaneously, the hypothalamic-pituitary-
interrenal (HPI) axis (hypothalamic-pituitary-adrenal (HPA) axis in mammals) activation coordinates 
the synthesis and release of cortisol into the circulation (Bonga, 1997). Briefly, activation of the HPI 
axis is initiated by central input into the hypothalamus, which in turn stimulates the release of 
corticotrophin releasing factor (CRF). CRF then stimulates pituitary secretion of adrenocorticotropic 
hormone (ACTH) into the general circulation, where it induces de novo synthesis and secretion of 
cortisol by activating melanocortin 2 receptor (MC2R) receptor on steroidogenic cells located in the 
head kidney (analogous to adrenal cortex; Aluru and Vijayan, 2008; Bonga, 1997). Once 
catecholamines and cortisol are secreted into the blood, they mediate physiological adjustments 
critical for overcoming and coping with the stressor (Mommsen et al., 1999). Particularly, stress 
hormones are essential to meet the enhanced energy and oxygen demands, by augmenting 










Figure 1-1. The teleost stress-axis. 
In response to an acute stressor (predation, environmental changes, trauma, etc.) a neuroendocrine 
response is immediately mounted to provide major tissues with adequate oxygen and nutrients to 
meet increased metabolic demand associated with acute stress. Activation of the stress-axis involves 
rapid release of catecholamines through sympathetic nerve fibers, whereas activation of 
hypothalamus-pituitary-interrenal axis results in increased plasma cortisol levels. Elevation of these 
stress hormones mediate important physiological adjustment required for stress adaptation, such as 
increased oxygen and energy substrate availability. CRF; corticotrophin-releasing factor (hormone), 





Due to the catabolic nature and suppressive effects of stress hormones on growth and 
reproduction, plasma GC levels are strictly regulated through a negative feedback mechanism, 
whereby elevated levels of GC inhibit the activation of the HPA axis (Miller and O'Callaghan, 2002). 
In mammalian species, GC has been shown to exhibit regulation at each region of the HPA axis, 
including the hippocampus and pituitary (Herman and Cullinan, 1997). While not yet investigated in 
teleost, mammalian negative feedback regulation of GC secretion involves rapid and delayed effects 
and, therefore, thought to involve both nongenomic and genomic signaling (de Kloet et al., 2008). In 
mammals, GC rapidly inhibits ACTH release within minutes of glucocorticoid treatment, accounting 
for about half of the total inhibition of ACTH release (Hinz and Hirschelmann, 2000). Also, studies in 
mammals indicate GC regulates ACTH secretion via transcription-dependent mechanisms by 
regulating CRH (Malkoski and Dorin, 1999) and proopiomelanocortin mRNA expression (Birnberg 
et al., 1983).   
The sensitivity of the stress-axis is dependent on genetic and environmental factors 
(Federenko et al., 2004) and recently it has become evident that developmental conditions have life-
long consequences on stress reactivity (Welberg and Seckl, 2001), but relatively less is known in 
teleosts (Schreck et al., 2010). On a shorter time-scale recent stressful events also influence the 
response to subsequent stressors (Sapolsky et al., 2000), and therefore the magnitude of stress-axis 
activation and the subsequent physiological response will be dependent on a variety of parameters, 
including past environmental (both recent and developmental) conditions. 
1.3 Glucocorticoid Signaling  
As stated above, GC, like other steroid hormones, initiates both rapid and delayed effects on cellular 
physiology (Borski, 2000). The delayed effects are mediated by the classical steroid hormone 
signaling pathway (Fig. 1-2), which involves gene regulation mediated by the activation of the ligand-
dependent transcription factor, GR (Scoltock and Cidlowski, 2011). Until recently, research has 
focused on the genomic consequences of GC action; however attention is now shifting towards 
delineating the rapid nongenomic action (Fig. 1-2) of this regulatory hormone (Lösel and Wehling, 
2003).  The rapid GC effects cannot be explained by changes in mRNA levels and protein synthesis 
as these effects occur within seconds to minutes after steroid treatment (Lösel and Wehling, 2003). 
Instead the rapid GC effects involve activation of second messenger-protein kinase signaling 
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pathways, which in some cases also leads to genomic alteration (Lösel and Wehling, 2003). Although 
our understanding of GC action lags behind that of other steroids, current research is revealing 
diverse nongenomic GC-activated signaling pathways as well as pleiotropic genomic effects (Revollo 
and Cidlowski, 2009).  The following two sections will provide detailed examples of genomic and 












Figure 1-2. Schematic summary of glucocorticoid (GC) signaling 
The most well defined mechanism of GC action involves steroid diffusion through the plasma 
membrane leading to activation of the intracellular glucocorticoid receptor (GR), which regulates 
protein levels through transcriptional regulation. GC also activates diverse signaling pathways leading 
to nongenomic cellular adjustments. Although still under intense investigation, these signaling events 
are initiated at the plasma membrane due to biophysical modulations to the plasma membrane and/or 
specific membrane glucocorticoid receptors (mGR).  Alternatively, GR has also been implicated in 
nongenomic GC action.  PI3K; phosphoinositide 3-kinase, PKA; protein kinase A, PKC; protein 





1.3.1 Genomic Pathway 
Although plasma GC elevations occur within minutes after the onset of stress many GC induced 
effects are observed several hours later (Lösel and Wehling, 2003). The delayed effects of GC are 
elicited through the classical mechanism of steroid action, which involves gene regulation, and hence 
is referred to as the genomic pathway (Bury and Sturm, 2007). The classical steroid signaling 
pathway is relatively well defined and involves ligand-activated transcription factors belonging to the 
steroid nuclear receptor family. Cortisol binds both the glucocorticoid receptor (GR) and 
mineralocorticoid receptor (MR), but the role of MR in mediating cortisol effects is not well 
understood (Colombe et al., 2000; Prunet et al., 2006). Genomic regulation by corticosteroids 
involves ligand-induced GR activation followed by receptor dimerization and translocation to the 
nucleus. Once in the nucleus, GR binds to glucocorticoid response elements (GREs) within the 
promoter region of glucocorticoid-receptive genes leading to enhanced or reduced transcription 
(Prunet et al., 2006). In the absence of corticosteroid binding, GR forms a multi-protein complex with 
heat shock proteins and immunophilins (Nicolaides et al., 2010), although this hasn’t been confirmed 
in teleost. 
The first GR was cloned in rainbow trout in the mid-90s and was initially believed to be the 
primary corticoid receptor in teleost (Ducouret et al., 1995). It is now known that most teleost possess 
two genes encoding GR (GR1 and GR2) (Bury et al., 2003), the only exception being zebrafish 
(Danio rerio) with one GR in the genome (Alsop and Vijayan, 2009). In addition to expressing two 
GRs, teleost also express an analogous MR receptor (Colombe et al., 2000). Currently it is 
controversial whether fish possess a distinct endogenous MR ligand other than cortisol. Over the last 
few years there is increasing evidence that 11-deoxycorticosterone (DOC) might be a physiological 
agonist for the teleost MR as it is a potent MR-binding compound (Milla et al., 2008; Stolte et al., 
2008; Sturm et al., 2005).  GR1 and GR2 have distinct activation properties, such that GR2 is more 
sensitive than GR1 and is subsequently activated at lower cortisol concentrations, whereas GR1 is 
thought to be activated at high, stress-induced levels of cortisol. This is due to a higher binding 
affinity and a greater transactivation rate of the GR2 compared to GR1(; Li et al., 2012; Sturm et al., 
2011; Prunet et al.,2006; Bury et al., 2003). In rainbow trout, GR mRNA and protein are detected in 
all major tissue systems including the liver and brain (Aluru and Vijayan, 2004; Mommsen et al., 
1999; Alderman et al., 2012), and a recent study revealed that the central and peripheral GR is 
essential for the negative feedback regulation of plasma cortisol levels (Alderman et al., 2012).  
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Circulating levels of cortisol stimulate wide-spread genomic regulation in central and 
peripheral tissues. In the central nervous system cortisol reduces CRF mRNA levels in the preoptic 
brain area, which has been demonstrated in rainbow trout (Doyon et al., 2006) and goldfish 
(Carassius auratus; Bernier et al., 1999). In trout cortisol also reduces neuropeptide Y (NPY) 
mRNA levels in the preoptic area, suggesting these peptides are co-regulated in response to GC 
treatment (Doyon et al., 2006).  In addition to regulating CRF levels during negative feedback, GR 
signaling also appears to maintain basal levels of this peptide in rainbow trout (Alderman et al., 
2012).  
In the periphery, glucocorticoids are well known for their induction of gluconeogenesis 
through the up-regulation of phosphoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme 
in the gluconeogenic pathway (Aluru and Vijayan, 2007). In teleost, the effects of GR signaling on 
transcript levels have been well documented in the liver, and includes regulation of genes involved in 
energy metabolism, cell stress response, reproduction and xenobiotic metabolism (Aluru and Vijayan, 
2007; Aluru and Vijayan, 2009; Wiseman et al., 2007). In addition, piscine GR signaling appears to 
be involved in liver and muscle proteolysis, by regulating cathepsin D mRNA levels (Aluru and 
Vijayan, 2009; Dardevet et al., 1995). In teleost, cortisol genomically affects steroidogenic capacity 
of the interrenal tissue by modulating the steroidogenic acute regulatory protein (StAR) expression, a 
key rate-limiting step in steroidogenesis involved in transport of cholesterol into the inner 
mitochondrial membranes (Alderman et al., 2012).  
Lastly, in addition to regulating adult physiology, GR signaling is also critical for regulating 
proper development in teleost (Nesan and Vijayan, 2012). For example, recent studies in zebrafish 
show that intact GR signaling is required for proper muscle development, as GR morpholino injection 
disrupts myogenic mRNA levels (Nesan et al., 2012). In addition to muscle development, GR 
signaling also appears to be important for mesodermal development as GR promoter activity, as well 
as GR mRNA and protein levels are observed at high levels at somite boundaries (Nesan et al., 2012).  
 
1.3.2 Non-genomic Glucocorticoid Signaling 
Nongenomic steroid effects, occur independently of gene expression or de novo protein synthesis, and 
are persistent in the presence of transcriptional and translational inhibitors (e.g. actinomycin D and 
cycloheximide, respectively) (Lösel and Wehling, 2003). In addition to occurring independently of 
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genomic activation, the effects are rapid (seconds to minutes) compared to the delayed effects (hours) 
of transcriptional regulation (Lösel and Wehling, 2003). The ability of membrane-impermeable 
steroid analogs (e.g. cortisol covalently coupled to BSA or synthetic peptide) to mimic the rapid 
nongenomic effects has often been used to differentiate between genomic and nongenomic effects. 
This approach has several drawbacks, such as the possibility of internalization or decoupling of the 
steroid from the impermeable substrate. Moreover, there is increasing support that rapid nongenomic 
effects, particularly for GC, might be mediated by the intracellular GR (Löwenberg et al., 2007). 
Therefore, the insensitivity to transcription and translation inhibitors and time of onset are considered 
to be the most important criterion for establishing nongenomic steroid effects (Lösel and Wehling, 
2003). The mechanisms mediating nongenomic corticosteroid effects are diverse and largely 
uncharacterized. Experimental evidence thus far suggests three possible mechanisms including 1) 
biophysical transduction upon cortisol incorporation into the plasma membrane, 2) novel membrane 
receptor 3) the classical glucocorticoid receptor (Fig. 1-2). Once initiated, nongenomic glucocorticoid 
effects may be mediated by several different signaling cascades (Fig. 1-2).  
1.4 Rapid Glucocorticoid Effects  
The following section highlights what is currently known regarding nongenomic cortisol action and 
the proposed pathways mediating these effects. It is important to note that currently, research 
investigating nongenomic cortisol action has been primarily conducted in mammalian models, 
whereas research on rapid GC action in non-mammalian vertebrates, particularly teleosts, is limited. 
Moreover, research conducted to date, has focused heavily on the central nervous system, 
cardiovascular system and immune function, with few reports on other peripheral organ systems, 
including liver (Haller et al., 2008). As described below, GC have diverse rapid effects and may be 
mediated by equally diverse mechanisms. Thus, nongenomic GC action is highly tissue and context-
specific, and possibly species-specific as well. 
1.4.1 Nervous system 
The physiological relevance of nongenomic GC action was first realized with regards to negative 
feedback control of the mammalian HPA axis, as GC elevation rapidly inhibits HPA hormone 
secretion (Jones et al., 1972). Although GC also genomically regulate HPA activity, they also have 
rapid effects occurring within minutes, which are independent of mRNA and protein synthesis (Abou-
samra et al., 1986). Since the initial characterization of rapid GC-mediated deactivation of the 
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mammalian HPA axis, progress has been made at delineating the mechanisms involved in this 
nongenomic feedback circuit (Evanson et al., 2010). Earlier studies using mouse pituitary cells, 
reported that dexamethasone, through a G-protein pathway, inhibits stimulated-cAMP production and 
subsequent ACTH secretion (Iwasaki et al., 1997). However, in a human pituitary cell line, GC  
reduce ACTH secretion through a rapid GR-mediated pathway (Solito et al., 2003). Together this 
suggests that within mammalian models there may be divergent rapid signaling pathways, by which 
GC inhibit ACTH secretion.  
In addition to inhibiting CRH-stimulated ACTH release, GC inhibit HPA axis activity in part 
by nongenomic actions on cannabinoid signaling within the paraventricular nucleus (PVN) of the 
hypothalamus (Evanson et al., 2010). This is achieved by activation of G-protein signaling, which 
results in the release of endocannabinoids from post-synaptic neurons (Di et al., 2003). Through 
retrograde transmission, the endocannabinoids activate pre-synaptic cannabinoid CB1 receptors 
leading to the inhibition of glutamate release (Di et al., 2003). Until recently, GC-mediated G-protein 
activation has mainly been attributed to a transmembrane GPCR (Tasker et al., 2006); however, there 
is recent evidence that PVN endocannabinoid signaling is mediated by GR (Haam et al., 2010). Thus, 
future studies will be needed to establish whether GC activate multiple pathways (i.e. GR-mediated 
versus GPCR-mediated) leading to altered endocannabinoid signaling and physiological effects. 
Moreover, the rapid GC effects on the hypothalamus and pituitary has been restricted to mammals, 
with no studies examining rapid GC effects on central function in any teleost species. 
In mammalian species, GC are known to have important nongenomic effects in the limbic 
systems (hippocampus, amygdala and prefrontal cortex) which influences HPA axis sensitivity and 
plays a role in memory formation (Groeneweg et al., 2011). Interestingly, throughout the limbic 
systems initiation of corticosteroid effects are extremely diverse, involving both classical receptors, 
MR and GR, as well as non-classical membrane receptors (Groeneweg et al., 2011). For instance in 
the rat hippocampus, corticosterone rapidly modulate neuron excitability, which appears to be 
mediated by membrane localized MR (Karst et al., 2005).  In the rat amygdala, MR mediates rapid 
effects of corticosterone on glutamate activity (Karst et al., 2010) and MR resides at the plasma 
membrane in amygdala synapses (Prager et al., 2010). Studies using electron microscopy also found 
evidence that GR localizes in rat lateral amygdala plasma membranes, which likely plays a role in the 
nongenomic GC alteration of stress-related memory consolidation (Johnson et al., 2005).  In contrast, 
GC nongenomically interact with noradrenergic signaling within the rat amygdala ultimately affecting 
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memory consolidation through a GR-independent modification of the β-adrenorecptor-cAMP 
pathway (Roozendaal et al., 2002). Lastly, in the cortex of rats, corticosterone via a membrane 
receptor, nongenomically modulates memory acquisition through PKA- cAMP-response element 
binding protein (CREB) activation of histone acetylation (Roozendaal et al., 2010). Together, 
research on the limbic system in mammals highlights that rapid action of GC is substantially diverse 
as they can be mediated by the intracellular GR and MR as well as a putative membrane GR. The 
rapid central GC effect described above have only been examined in mammalian models thus far, and 
the rapid effects exerted by GC on HPI axis activity is less clear in non-mammalian models. In 
teleost, nongenomic cortisol action has been characterized in the pituitary (Oreochromis 
mossambicus) with regards to prolactin release (Borski et al., 2002). Specifically, cortisol perfusion 
rapidly inhibits prolactin release from the pituitary, which is dependent on inhibition of cAMP-PKA 
signaling and Ca
2+
 accumulation (Borski et al., 1991; Hyde et al., 2004). Further studies indicated that 
this rapid cortisol effect is membrane-mediated and is independent of protein synthesis (Borski et al., 
2001).  Nongenomic GC action (Lewis and Rose, 2003) and partial purification of a membrane 
glucocorticoid receptor (Evans et al., 2000) has also been characterized in the brain of the rough-
skinned newt (Taricha granulosa). In this amphibian species, corticosterone rapidly suppresses 
sexual behaviours by activating endocannabinoid signaling in the hindbrain region (Coddington et al., 
2007), likely through a GPCR kappa opioid-like receptor (Evans et al., 2000). Clearly, central 
nongenomic GC action in non-mammalian species demands greater research focus as our 
understanding of the rapid GC action is greatly lacking, especially compared to what is known in 
mammals.  
1.4.2 Peripheral Nervous System 
Chromaffin cells, which secrete catecholamines in response to neuronal stimulation, are a key target 
for nongenomic GC action and play a role in regulating the HPA axis activity (Park et al., 2008; 
Wagner et al., 1999). Overall, GC treatment rapidly inhibits stimulated-chromaffin secretion of 
catecholamines, while this has only been demonstrated in mammals (Park et al., 2008; Wagner et al., 
1999). In guinea-pigs (Cavia porcellus), cortisol rapidly suppresses stimulated-catecholamine 
secretion by nicotinic receptor inhibition or suppression of PKC activity (Yonekubo et al., 2003). In 
bovine and rat chromaffin cells, GC rapidly modulate potassium channel gating via a GR-independent 
regulation of catecholamine secretion (Lovell et al., 2004). Studies from rat adrenal medulla cell line 
(PC12 cells) underscore how multiple signaling cascades may be involved in regulating nongenomic 
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GC action. For instance, in this cell line GC rapidly inhibit stimulated-cytosolic Ca
2+
 spikes by 
activating a G-protein-PKC pathway (Lou and Chen, 1998; Qiu et al., 1998; Qiu et al., 2003), which 
leads the activation of MAPKs including, Erk1/2 MAPK (Qiu et al., 2001), p38 and c-Jun NH2-
terminal protein kinase (JNK) (Li et al., 2001). Although the above studies underscore a novel GR-
independent pathway in mammalian chromaffin tissue, whether GC mediate activate similar 
pathways in teleost chromaffin cells has not been investigated. 
Cardiovascular System 
In the mammals, GC rapidly modulate vascular contractility, inflammatory responses and regulate 
blood pressure (Lee et al., 2012). Furthermore, the activation of PI3K-Akt pathway has been 
implicated in mediating many of the rapid nongenomic GC responses in the cardiovascular system 
(Lee et al., 2012). For instance, in cardiac tissue and endothelial cells dexamethasone rapidly induces 
vascular protective effects through the stimulation of endothelial nitric oxide synthase (eNOS) via 
PI3K-Akt-dependent mechanisms, leading to reduced inflammation (Hafezi-Moghadam et al., 2002). 
In addition to the vascular-protective effects, GC also nongenomically alter cardiac energy 
metabolism, including rapid phosphorylation of AMP-activated protein kinase (AMPK) and p38 
MAPK ultimately leading to increased low lipoprotein lipase (LPL) transport (Kewalramani et al., 
2008).  
Reports of rapid GC effects in non-mammalian vascular systems are almost non-existent. A 
study conducted in rainbow trout reported rapid vasoconstriction of coronary vessels within 10 min of 
cortisol treatment (Agnisola et al., 2004), while the mechanism involved is unknown. In teleost 
branchial tissue, cortisol rapidly (5-30 min) induces ATPase activity both in vitro and in vivo in the 
Mozambique tilapia (Oreochromis mossambicus), and this response was independent of protein 
synthesis (Sunny and Oommen, 2001). Rapid cardiovascular adjustments are critical during stress 
adaptation and based on the studies above nongenomic cortisol action appears to play a critical role in 
cardiac and vascular functions. Together the rapid cardiovascular action of cortisol highlights the 
potential importance of non-classical GC signaling on overall homeostasis. 
1.4.3 Immune System 
Glucocorticoids are well known for having rapid and delayed anti-inflammatory and immune 
suppressive properties. Due to its clinical significance, there has been intense research focus into the 
mechanisms leading to rapid T cell suppression by GC in mammals (Löwenberg et al., 2007). 
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Although the mechanism of action is still being unraveled, there is mounting evidence for a role of 
the classical intracellular GR in T cell inhibition (Löwenberg et al., 2007). Upon GC binding, GR 
causes rapid dissociation of the T cell receptor (TCR) complex, inhibiting proper TCR signaling 
(Löwenberg et al., 2007). In addition to directly disrupting TCR complex dynamics, GC via a GR-
dependent mechanism also rapidly inhibit Lck and Fyn kinase activity, both of which positively 
regulate TCR downstream signaling (Löwenberg et al., 2005). Subsequently, GC-induced suppression 
of pathways downstream of TCR activation was also observed, including decreased Akt, PKC, and 
MAPK (Erk, p38 and JNK) activity (Löwenberg et al., 2005). In contrast, GC enhance zeta-chain-
associated protein kinase of 70 kDa (ZAP-70), which is a TCR inhibitory signaling kinase (Boldizsar 
et al., 2013). Again, the above studies highlight the intricate and diverse signaling pathways involved 
in rapid GC action and future studies will be needed to determine whether nongenomic T cell effects 
are conserved across vertebrates.  
 Nongenomic GC signaling regulates macrophage function in mammals (Long et al., 2005), 
and this was also reported in a teleost model notably by altering phagocytosis activity (Roy and Rai, 
2009). For instance, in mice macrophage corticosterone treatment rapidly reduces phagocytosis 
through a membrane-mediated mechanism that is independent of the classical GR (Long et al., 2005). 
Similarly, in a piscine model, cortisol rapidly reduces phagocytosis, both in vitro and in vivo, by an 
adenylate cyclase-cAMP-PKA pathway (Roy and Rai, 2009). The cortisol-mediated inhibition of 
phagocytosis was also initiated at the plasma membrane, as BSA-cortisol mimicked the response 
(Roy and Rai, 2009). However, unlike in mice, nongenomic cortisol-mediated phagocytosis in fish 
was prevented by the GR antagonist, mifepristone (RU486) suggesting a GR mediated response. This 
suggests that mechanisms mediating nongenomic action GC action are not necessarily conserved 
across vertebrates. Moreover, future studies investigating the interaction of cortisol on teleost immune 
function should consider the rapid cortisol action as a potential mediator of immune function. 
1.4.4 Liver 
From genomic studies it is evident that GC play a critical role in regulating liver metabolism, 
but a role for nongenomic signaling in the metabolic responses is unclear (Aluru and Vijayan, 2009). 
Despite reports of high-affinity liver plasma membrane GC binding sites (Alléra and Wildt, 1992; 
Grote et al., 1993; Ibarrola et al., 1996), a hepatic membrane glucocorticoid (mGR) has not been 
cloned and only a handful of studies have examined the nongenomic GC signaling in this key target 
tissue (Borski, 2000). Considering that glucose levels rise within 30 min after stressor exposure 
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(Bracewell et al. 2004), non-genomic GC signaling, in addition to catecholamine response, may be 
playing a role in this rapid response. Evidence for this was provided by Gomez-Munoz et al. (1989), 
who reported that corticosterone rapidly stimulates glycogenolysis by inducing the rapid 
phosphorylation and subsequent activation of glycogen phosphorylase through a Ca
2+
 signaling in rat 
hepatocytes (Gomez-Munoz et al., 1989).  
Nongenomic GC signaling in teleosts liver is relatively unknown. A recent study suggested 
the possible rapid effect of cortisol on liver metabolic capacity, including alterations to malic enzyme 
(ME), glucose-6-phosphate dehydrogenase (G6PDH) and isocitrate dehydrogenase (ICDH) activities, 
and this response was not blocked by transcription inhibitors (Sunny et al., 2002). In contrast, 
testosterone enhanced intermediary enzyme activity suggesting that nongenomic effects on liver 
metabolism are steroid-specific (Sunny et al., 2002). Most recently in rainbow trout it was shown that 
cortisol rapidly alters liver plasma membrane fluidity, microdomain reorganization and rapid 
induction of kinase signaling pathways (Dindia et al., 2012). To date, the research conducted in our 
laboratory along with the studies mentioned above are the only reports investigating the physiological 
effects and mechanisms underlying nongenomic GC signaling in liver.  Considering that liver is a key 
target for genomic GC signaling, future research should be focused on determining the physiological 
relevance of rapid GC effects, the possible mechanisms of action and the potential genomic 
consequence.  
 
1.5 Nonspecific Membrane-mediated Steroid Effects 
As lipophilic compounds, steroid hormones can freely intercalate into the lipid bilayer by aligning 
their planar rings parallel to the phospholipids (Massey and Pownall, 2006).  Upon plasma membrane 
incorporation, steroids have the ability to modulate lipid-lipid, lipid-protein and protein-protein 
interactions, thus resulting in functional changes to membrane protein activity (Whiting et al., 2000). 
The steroid-induced biophysical alteration of membrane function represents an additional mechanism 
by which steroid hormones can influence cell physiology (Whiting et al., 2000). The next section will 
briefly describe the plasma membrane structure along with their biophysical properties essential for 
cellular function. The following sections will describe the effect of GC on plasma membrane and how 
these effects might facilitate nonspecific activation of the cellular response.   
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1.6 Plasma Membrane Characteristics 
The plasma membrane acts as a specialized permeability barrier that protects intracellular processes 
from the external environment and, control cellular homeostasis (McElhaney, 1975). In addition to 
acting as a semi-permeable barrier the plasma membrane is also critical for structural stability, 
cellular transport (Grefen et al., 2011), cell motility (Fackler and Grosse, 2008) and signal 
transduction (Groves and Kuriyan, 2010). In addition to proteins, the plasma membrane is primarily 
composed of phospholipids, which are amphipathic molecules containing both hydrophobic (fatty 
acid chains; “tails”) and hydrophilic (phosphate group; “head”) regions. Phospholipids spontaneously 
form lipid bilayers when placed in a polar environments as the non-polar fatty acid chains will 
aggregate towards each other, whereas the polar head will face outwards, interacting with the aqueous 
environment (Van Meer et al., 2008).  
Since the proposal of the fluid mosaic model (Singer and Nicolson, 1972), research has 
revealed that the biophysical structure of the plasma membrane is quite complex with asymmetrical 
distribution of lipid classes between the two lipid layers, as well as uneven lateral distribution of 
membrane proteins (Simons and Toomre, 2000). The lipid species of eukaryotic plasma membrane is 
very diverse; the extracellular lipid layer is enriched in phosphatidylcholine (PC), sphingomyelin 
(SM), and glycosylsphingolipids, while the cytoplasmic leaflet is enriched in 
phosphatidylethanolamine (PE) and phosphatidylserine (PS) along with phosphatidylinositides (PI) 
(Daleke, 2003). Along with preferential transbilayer lipid synthesis, membrane asymmetry is 
achieved through several transporter groups, referred to as flippases, floppases, and scramblases 
(Daleke, 2003).   
Lateral compartmentalization of plasma membrane proteins is achieved by natural phase 
separations of liquid-disordered (liquid crystalline state) and liquid-ordered (gel state) regions (Fig. 1-
3; Edidin, 2003). The liquid –ordered regions form small (10-200 nm) microdomains, termed lipid 
rafts that are rich in cholesterol, glycosphingolipids and sphingomyelin (Edidin, 2003). Due to 
cholesterol enrichment, these domains are more ordered compared to liquid-disorder regions, which 
form the bulk of the plasma membrane. Whether raft-formation is cholesterol driven or primarily due 
to protein-protein interactions remains controversial, nonetheless lipid rafts are accepted as critical 
regulators of signal transduction. For instance, G-protein coupled receptors (GPCR; Chini and 
Parenti, 2004), tyrosine kinase receptors (Coskun et al., 2011) and glycosylphosphatidylinositol 
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(GPI)-linked proteins (Moran and Miceli, 1998) preferentially partition into raft regions, supporting a 










Figure 1-3. Diagram depicting the plasma membrane lipid phases 
Distinct membrane regions occur within the plasma membrane due to the different lipid and protein 
components. The majority of the plasma membrane is in the liquid-disordered state (Ld; liquid-
crystalline), while microdomains are laterally dispersed throughout the lipid layer. These 
microdomains are referred to as lipid rafts and are enriched in cholesterol, glycosphingolipids and 
sphingomyelin, causing them to be more ordered (liquid-ordered (Lo)) compared to the rest of the 









In addition to protein compartmentalization, plasma membrane physical properties, such as 
microviscosity (inverse of membrane fluidity; Fig. 4), greatly influence cellular functions through 
lipid-protein interactions (Van Meer et al., 2008). The protein-lipid interaction is often very specific 
and is required for proper protein conformation and, therefore, directly impacts transmembrane 
protein function (Dowhan and Bogdanov, 2011). In addition to impacting protein function, the 
viscosity of the lipid environment also affects lipid raft formation and stability, thus affecting protein 
segregation into these lipid microdomains (García-Sáez and Schwille, 2010). The lipid-protein 
composition of the plasma membrane is the primary determinant of basal plasma membrane 
molecular dynamics (Van Meer et al., 2008). For instance, proportion of different phospholipid 
classes along with the species of fatty acid tails (saturation level, acyl chain length, lipid peroxidation) 
will largely influence bulk membrane properties (Van Meer et al., 2008). Although rarely directly 
investigated, tissue differences in plasma membrane composition are thought to be responsible for 
tissue-specific fluidity effects. For instance, raft-dependent signaling cascades, including insulin 
signaling are reportedly more sensitive to membrane disturbance in a hepatic cell lines that lack 
caveolae, a subtype of lipid rafts (Vainio et al., 2002). The intrinsic dynamics of the plasma 
membrane are readily altered by external stimuli (Fig. 1-4), including temperature (Williams and 
Hazel, 1994), shear stress (Haidekker et al., 2000) and pressure (Mastrangelo et al., 1979). Chemical 
agents, including endogenous ligands can also impact lipid dynamics (Whiting et al., 2000).  
Cholesterol, a major sterol component of eukaryotic plasma membranes, controls numerous 
membrane properties, including membrane thickness, bulk fluidity and phase separations (Ipsen et al., 
1990) and as a result cholesterol is a major determinant of membrane protein activity (Andersen and 
Koeppe, 2007). Cholesterol can also impact protein activity through direct protein-cholesterol 
interactions, as several proteins containing cholesterol binding sites have been identified (Gimpl, 
2010). Together, cell membranes are composed of a complex repertoire of lipid and protein 











Figure 1-4. Diagram illustrating the phospholipid response to environmental changes 
The phase of the lipid bilayer is highly sensitive to external stimuli, including temperature, 
osmolarity, mechanical stress and homeostatic state of the cell. Lipid transition into the liquid-
disordered state (become more fluid) occurs in response to high temperatures, hyperosmolarity, 
oxidative stress, mechanical stress and during apoptosis, whereas membrane lipids become more 
ordered in response to low temperatures, hypoosmolarity and high pressures. Aquatic species, 
including rainbow trout are potentially exposed to all of the above stressors and, therefore, regulation 






1.7 Techniques for Studying Membrane Biophysical Properties 
1.7.1 Fluorescence polarization 
Measurement of 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence polarization is a valuable and 
commonly used technique to study membrane fluidity (Fig. 1-5). DPH is a long, linear, hydrophobic 
fluorescent molecule, which freely incorporates into lipid bilayers preferentially aligning parallel to 
the fatty acid chains (Lentz, 1989). The rationale for using DPH to monitor fluidity dynamics is based 
on the fact that the emitted polarized fluorescence is dependent on the rotational freedom within the 
lipid environment, since rotations orthogonal to the molecular axis cause fluorescence depolarization 
(Lentz, 1989). Therefore, the degree of polarized light emitted from DPH is related to the 
microviscosity of the surround lipids. This technique has been widely used in synthetic and biological 












Figure 1-5. Theoretical explanation of fluorescence polarization measurements 
Schematic diagram explaining fluorescence polarization measurements of 1,6-diphenyl-1,3,5-
hexatriene (DPH) as an indicator of lipid bilayer fluidity. Rotations orthogonal to the long axis of 
DPH results in rapid fluorescence polarization. Therefore, fluorescence polarization is directly related 
to the rotational freedom of DPH within the lipid environment. Lipid bilayers which are more ordered 
and restrict the movement of DPH will have higher fluorescence polarization values compared to 












1.7.2 Atomic Force Microscopy 
Atomic force microscopy (AFM; Fig. 1-6) is a scanning microscope, which is gaining tremendous 
popularity in biological membrane research due to the powerful nano-scale resolution of surface 
properties, such as height and surface adhesion measurements (Frederix et al., 2009). Previously, 
biological application of AFM were primarily limited to studying synthetic lipid monolayers, 
however due to the ability to measure biological properties under physiological conditions, AFM 
imaging is beginning to provide critical information on cellular functions. For example, imaging 
biological membranes with AFM has provided valuable information regarding lipid raft properties, 
such as their dimensions (Cai et al., 2012; Orsini et al., 2012). At the cellular level, several studies 
have successfully used AFM to characterize structural and surface properties of living cells (Hu et al., 
2009). In addition to measuring surface properties, AFM can also be used to characterize single 
molecule properties, such as protein conformations and interactions (McAllister et al., 2005). Lastly, 
AFM is powerful for characterizing membrane proteins, as they can be analyzed in their native lipid 
environment without detergent extractions (Muller and Engel, 2008). Therefore, AFM is an excellent 











Figure 1-6. Schematic diagram of an atomic force microscope (AFM) 
AFM is a high-resolution scanning microscopy technique that uses a cantilever which moves along 
(or scans) the surface of the sample. The Van der Waals force interactions between the cantilever tip 
and the molecules of the sample are monitored by the deflection of the laser which is emitted off the 
cantilever. Depending on the instrument settings, the degree of deflection is detected and used to 











1.8 Membrane-activated Signaling Pathways 
The biophysical lipid molecular dynamics affect several plasma membrane properties, including 
lateral protein and lipid diffusion, membrane component interactions (lipid-lipid, protein-protein and 
lipid-protein interactions), and regulates protein conformation (Van Meer et al., 2008). As a result, 
changes in membrane fluidity induced by steroid hormones can directly alter signal transduction 
pathways (Whiting et al., 2000).  Along with steroid hormones several other agents can influence 
lipid fluidity, including peptide hormones (Massa et al. 1975), trace elements (Garcia et al., 2005),  
and proteins, including albumin (Beck et al., 1998). Due to the research into mechanotransduction 
(Huang et al., 2004), there is increasing recognition of the essential role played by the biophysical 
environment of the plasma membrane in regulating stress-activated signaling pathways (Vigh et al., 
2007). In particular, it is well documented that G-protein signaling pathways are sensitive to sheer 
stress, which is accompanied by increased fluidity (Gudi et al., 1998). For instance, in model 
liposome, devoid of other cellular constituents, G proteins are activated in response to fluidizing 
agents, indicating that lipid conformation, can directly impact G protein activity (Gudi et al., 1998). 
In human endothelial cells, B2 bradykinin GPCR is activated in response to fluidizing stimuli 
including fluid shear stress, hypotonic shock and benzyl alcohol (Chachisvilis et al., 2006).  As 
heteromeric G-proteins are linked to several signaling cascades, including phospholipase C-PKC and 
cAMP-PKA pathways, fluidity-dependent activation of G protein signaling has the ability to 
influence several intracellular processes (Papadaki and Eskin, 2008). In addition to GPCR signaling, 
endothelial MAPKs pathways are also sensitive to membrane lipid dynamics, such that lipid 
fluidizers (benzyl alcohol) increase whereas excess cholesterol (increased membrane order) 
suppresses MAPK activity (Butler et al., 2002). In addition to chemical fluidization, MAPK is also 
activated in response to mechanical fluidization in endothelial cells, which might be due to G protein–
dependent PKC activation as well as altered tyrosine kinase activity (Papadaki and Eskin, 2008).   
In addition to affecting cellular signaling pathways, changes to membrane fluidity also impact 
cellular transport. For instance, several mammalian studies have shown that Ca
2+
 signaling is 
impacted by membrane microviscosity, as membrane cholesterol content is typically inversely related 
to intracellular Ca
2+
 levels, suggesting that Ca
2+
 influx is enhanced with increased membrane order 
(Bastiaanse et al., 1997). In support, Squier et al., (1988) reported that the rotational mobility, which 
determines the rate of calcium transport, is directly related to the membrane fluidity (Squier et al., 
1988). In rat liver, benzyl alcohol (< 30 mM), increases enzyme activity of several membrane 
 
 25 





(Gordon et al., 1980). In contrast, activity of the nicotinic acetylcholine receptor does not appear to be 
dependent on overall viscosity, but instead depends on lipid composition as similar receptor activities 
were achieved at both ordered and disordered phases in the electric organ of the Torpedo californica 
(Sunshine and McNamee, 1994).  
1.9 Effect of Glucocorticoids on Cell Membranes 
There is the potential that nongenomic steroid action is initiated, at least in part by direct interaction 
between steroid hormones and the lipid bilayer, as sterols are known to alter lipid bilayer fluidity 
(Whiting et al., 2000). The interaction and subsequent physiochemical effect of compounds on 
cellular membranes is currently an important field of research, especially with regards to 
therapeutically relevant agents, such as GC. The membrane effects of GC are therapeutically relevant 
due to their potential modulation of cellular processes along with their ability to directly alter uptake 
and effectiveness of vector base chemotherapies, such as Lipiodol (Becker et al., 2010). The reported 
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Emergent research indicates that sterol effects on plasma membrane properties can be highly 
structure-specific (Massey and Pownall, 2006; Rog et al., 2008;Olsen et al., 2009; Olsen et al., 2010) 
and are likely to be dependent on the lipid composition, as this will affect sterol orientation  (Kucerka 
et al., 2009). Although biophysical membrane actions of GC has been widely described, these studies 
are limited to a select mammalian membranes and artificial membrane systems (Table 1). For 
example, in synthetic 1,2-dipalmitoylphosphatidylcholine (DPPC) lipid bilayers, corticosteroids 
increased membrane fluidity (Ghosh et al., 1996). In animal systems, GC have fluidizing and ordering 
effects. For instance, in rat physiological cortisol levels (10
-7
 M) significantly fluidize erythrocyte 
membranes (Massa et al., 1975), and fetal liver microsomes (Kapitulnik et al., 1986). In the rat, GC 
associated fluidization is thought to facilitate postnatal maturation of small intestine brush border 
membranes (Neu et al., 1986). Physiological cortisol levels also fluidize dog brain synaptosomal 




-ATPase activity (Deliconstantinos, 
1985).  This effect was attributed to incorporation of cortisol into the membrane rather than specific 




-ATPase as the effect was easily reversed by washing the membrane 
fraction.  
Numerous studies have also reported membrane ordering effects of GC. For example 
corticosteroids reduced membrane fluidity of granulocytes (Lamche et al., 1990). An ordering 
glucocorticoid effect also occurs in porcine myocardial tissue which is accompanied by inhibition of 
phospholipase A2, reduction of arachidonic acid and free fatty acid levels (Engelman et al., 1989). In 
rabbit cardiac muscle endothelial cells, inhibition of eicosanoid production is attributed to ordering 
effect of dexamethasone at physiological concentrations (Gerritsen et al., 1991).  
At pharmacological levels, glucocorticoids alter the physicochemical properties of cell 
membranes, which lead to inhibition of ion cycling across the cell membrane (Buttgeriet et al. 2000). 
Maier et al. (2005) reported that dexamethasone (DEX) concentrations of 60 μM induced competition 
with the lipophilic membrane marker 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) for 
membrane incorporation, but membrane fluidity was not affected. Lastly, pharmacological GC 
fluidization of T cell membranes is hypothesized to play a role in glucocorticoid-mediated 
dissociation of TCR signaling complex, leading to rapid immunosuppressive effects (Van Laethem et 
al., 2003). 
The effect of sex steroids on membrane fluidity has also been widely documented and 
appears to be tissue specific. For instance, in female rat chondrocytes, 17β-estradiol enhances 
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membrane order, which was dose- and stereo-specific (Schwartz et al., 1996), whereas 17β-estradiol 
increases membrane fluidity in rat vaginal cells (Reddy et al., 1989). In non-mammalian studies, 
progesterone induces a transient decrease in oocyte fluidity (Morrill et al., 1989), which is essential 
for resumption of meiotic divisions (Morrill et al., 1993). More importantly, studies on steroid 
membrane effects are revealing that most anti-tumor properties are imposed by the accompanying 
plasma membrane effects (Baritaki et al., 2007).  For instance, the ordering effect of 17β-estradiol in 
human breast cancer cells is thought to reduce DNA synthesis and cell proliferation in this carcinoma 
cell line (Clarke et al., 1990).  Similarly, progesterone is known for its anti-ovarian epithelial tumor 
properties, which are thought to be partly mediated by the ordering properties of this steroid on 
adenocarcinoma cells (McDonnel et al., 2003). Other lipophilic anti-cancer agents are also associated 
with reduced membrane fluidity, and although the causative relationship is still under investigation, 
the effect on lipid dynamics is thought to be a key anti-tumorigenic property (Sade et al., 2012).  
Taken together, steroid hormones of all classes impact biophysical properties of the plasma 
membrane which likely have functional cellular consequences. Given that steroid hormones are 
established modulators of plasma membrane fluidity, characterizing their effects on the plasma 
membrane is a critical step to understanding their mechanism of action and realizing their full 
physiological and clinical relevance.  
 
1.10 Plasma Membrane Perturbation and the Stress Response 
As mentioned above, the physicochemical properties of the plasma membrane are acutely responsive 
to extracellular stimuli, including temperature, salinity, sheer stress and endogenous ligands (Fig. 1-
3). Consequently, the sensitivity of the plasma membrane to various stimuli has led to the proposal of 
the membrane-regulated cellular stress response, in which the plasma membrane acts as the primary 
sensor and initiator of cellular responses to stressful stimuli (Vigh et al., 2007). This model has been 
finely developed with regards to thermal stress, as it is well recognized that lipid phases are highly 
temperature sensitive. Moreover, subtle changes in mammalian membrane dynamics in response to 
temperature have been shown to activate the heat shock response, including synthesis of heat shock 
proteins accompanied by increases in cytosolic Ca
2+
 (Balogh et al., 2005).  
It is important to note that the heat shock response is not uniformly activated by all fluidizing 
agents, suggesting that stress-activated pathways are sensitive to specific nanomolecular alterations 
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induced by fluidizing agents, such as microdomain reorganization (Nagy et al., 2007). Lastly, the heat 
shock response was activated in the absence of protein denaturation (Török et al., 2003) suggesting 
the plasma membrane is more acutely sensitive to thermal changes compared to intracellular protein 
conformation. Although membrane-regulated stress response model has mainly been examined in the 
context of physical stressors (Vigh et al., 2007), chemical agents such as endogenous ligands, 
including GC, also induce physiochemical membrane changes.  Consequently, this leads to the 
possibility that in addition to receptor-mediated cortisol signaling, the plasma membrane might play a 
































Figure 1-7. Plasma membrane and the ability to sense cellular stress 
The plasma membrane is thought to be the primary cellular sensor to extracellular stressors. Due to 
the sensitivity of phospholipids to external stimuli, changes in biophysical properties of the plasma 
membrane are thought to be the primary activator of cellular response to stressors, including 
temperature. While the role of the plasma membrane in initiating the thermal cellular stress response 
has been well documented, how the biochemical changes in response to GC intercalation and the 
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1.11 Thesis Objectives 
The primary objective was to test the general hypothesis that rapid, nongenomic cortisol 
signaling plays an important role in liver function during the stress response in rainbow trout 
(Oncorhynchus mykiss). The rapid, nongenomic effects of cortisol on liver function are poorly 
understood despite the importance of this organ in maintaining homeostasis. Therefore, the 
hypothesis that nongenomic cortisol signaling is important for acute metabolic re-programming to 
cope with stress, and regain homeostasis, was tested in vivo, while the characterization of the 
nongenomic signaling pathways and downstream effects were carried out in vitro using either purified 
plasma membrane, liver slices, hepatocytes in suspension or primary culture of hepatocytes. The 
specific objectives are to determine whether: 
  
1. Cortisol affects physicochemical properties of liver plasma membrane and rapidly modulates stress 
signaling pathways (Chapter 2) 
2. Stressor-evoked plasma cortisol elevation in trout alters liver membrane physicochemical 
properties and signaling pathways (Chapter 3) 
3. Cortisol rapidly regulates key stress signaling pathways in the liver (Chapter 4) 
4. Cortisol rapidly alters liver metabolite levels (Chapter 5) 
5. Cortisol rapidly modulates epinephrine signaling in trout liver (Chapter 6) 
 
In addition to the above objectives, an attempt to identify a plasma membrane protein that specifically 










Chapter 2: Novel nongenomic signaling by glucocorticoid may 




















“Reprinted from [Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. 
(2012). Novel Nongenomic Signaling by Glucocorticoid May Involve Changes to Liver Membrane 




The neuroendocrine response to stress is highly conserved among vertebrates and essential to 
reestablish homeostasis (Sapolsky et al., 2000). The principal stress hormones, epinephrine and 
glucocorticoids, have critical functions in the stress adaptation process (Charmandari et al., 2005). 
The fight-or-flight response involves the activation of the sympathetic nervous system leading to the 
rapid release of epinephrine from chromaffin cells (Charmandari et al., 2005). Glucocorticoid 
hormone release occurs in response to activation of the hypothalamus-pituitary-adrenal (HPA) axis 
(Charmandari et al., 2005), and reaches peak levels only after the catecholamine response (Sapolsky 
et al., 2000). Most glucocorticoid effects are mediated by the glucocorticoid receptor (GR), a ligand-
bound transcription factor, which regulates protein synthesis (Charmandari et al., 2005). In addition to 
the slower genomic actions, glucocorticoid also elicits rapid effects that are independent of gene 
transcription and are broadly categorized as nongenomic signaling (Borski et al., 2002), but a role for 
this in stress adaptation is unclear (Tasker and Herman, 2011). 
Nongenomic steroid signaling involves activation of membrane-bound receptors, but a 
glucocorticoid-specific membrane receptor is yet to be identified (Borski et al., 2002; Groeneweg et 
al., 2011). In addition to receptor-mediated effects, biophysical changes in lipid bilayers due to 
steroid intercalation may activate signaling pathways (Rog et al., 2008), (Lösel and Wehling, 2003). 
Despite studies showing that changes in plasma membrane properties can rapidly affect the cellular 
stress response (Vigh et al., 2007), very little is known about the effect of stress steroids on 
membrane properties and the associated signaling events (Borski, 2000). We tested the hypothesis 
that acute stress levels of cortisol, the principal glucocorticoid in teleost fishes, rapidly modulate cell 
stress signaling pathways by altering the biophysical state of the plasma membrane. This was tested 
using rainbow trout (Oncorhynchus mykiss) liver, an ideal model as lipid dynamics and plasma 
membrane properties have been well characterized (Zehmer and Hazel, 2004). We utilized steady-
state fluorescence polarization and atomic force microscopy (AFM) to investigate the effect of 
cortisol on trout liver plasma membrane properties. Rapid changes in phosphorylation status of 
putative protein kinase A (PKA), protein kinase C (PKC) and Akt substrate proteins in trout 
hepatocytes were used to confirm modulation of cell signaling pathways in response to cortisol 
treatment. Benzyl alcohol, a known membrane fluidizer and initiator of the cellular stress response, 
was also used as a positive control to assess whether changes in plasma membrane fluidity by cortisol 
may be involved in the cell signaling events. Our results demonstrate for the first time that stressed 
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levels of cortisol rapidly activate stress-related signaling pathways in rainbow trout hepatocytes. We 
propose alteration in membrane fluidity as a novel nonspecific glucocorticoid-mediated stress 
response leading to the rapid modulation of stress signaling pathways. 
2.2 Materials and Methods 
2.2.1 Animals & Sampling 
Juvenile rainbow trout (Oncorhynchus mykiss; 100–300 g) purchased from Alma Aquaculture 
Research Station (Alma, ON) were maintained at the University of Waterloo aquatic facility exactly 
as described before (Sandhu and Vijayan, 2011). The tanks were supplied with a constant flow of 
aerated well water (12±2°C) and were maintained under a 12 hL:12 hD photoperiod. Trout were 
acclimated for at least two weeks prior to experiments and were fed commercial trout feed (Martin 
Mills, Elmira, ON) to satiety once daily, 5 days a week. Experiments were approved by the 
University of Waterloo Animal Care Protocol Review Committee and adhere to guidelines 
established by the Canadian Council on Animal Care for the use of animals in teaching and research. 
2.2.2 Liver Plasma Membrane 
Liver plasma membranes were isolated using sucrose gradient as described previously (Sulakhe, 
1987). The membrane pellet was resuspended in TCD buffer (300 mM sucrose, 10 mM Tris-HCl, 1 
mM dithiothreitol (DDT), 0.5 mM CaCl2, 1X protease inhibitor cocktail, pH 7.5; Sigma) and frozen 
at −70°C. All steps, including centrifugation, were carried out at 4°C. The enrichment of the 





ATPase (McGuire et al., 2010), 5′-nucleotidase (Solyom and Trams, 1972) and lactate dehydrogenase 




-ATPase (H: 1.2 ± 0.1 vs. M: 6.9 ± 1.1; n = 7–8) and 
thirteen-fold higher 5′- nucleotidase (H: 16 ± 1.5 vs. M: 178 ± 48; n = 7–8) activities (U/g protein) in 
the membrane (M) fraction compared to the initial tissue homogenate (H), confirm membrane 
enrichment. The ~90% drop in LDH activity (H: 1055 ± 40 vs. M: 124 ± 14; n = 7–8) in the 
membrane fraction further confirms enriched plasma membranes with negligible cytosolic 
contamination. 
2.2.3 Membrane Cortisol and Cholesterol Analysis 
Membrane cortisol (after diethyl ether extraction) concentrations were determined by 
radioimmunoassay exactly as described previously (Alsop et al., 2009). Diethyl ether extracted 
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plasma membrane cholesterol levels were measured using a cholesterol oxidase enzymatic kit (Wako 
Chemicals, Richmond, VA). 
2.2.4 DPH Anisotropy 
The hepatic plasma membrane fluidity was analyzed by measuring the steady-state fluorescence 
polarization using the membrane fluorescent probe, 1,6-diphenyl-1,3,5 hexatriene (DPH; Life 
Technologies Inc., Burlington, ON) exactly as described previously (Katynski et al., 2004). The 
degree of fluorescence polarization (anisotropy) is directly related to the mobility of DPH within the 
lipid environment, therefore, DPH anisotropy is inversely related to membrane fluidity. Membrane 
samples were added to 96-well opaque plates (Corning Incorporated, New York, USA; approximately 
300 ng protein/µl; 100 µl total) and incubated with DPH (1:100 of 4.7 mM stock) for 30 min in the 
dark. To assess membrane order, isolated plasma membranes (0.5 mg/ml protein) were incubated 
with control, cortisol (10–1000 ng/ml (0.0275-2.75 µM), n = 6), peptide moiety (PEP; 2.75 µM, n = 
5), cortisol-PEP (2.75 µM, n = 5), 17β-estradiol (1 µM, n = 6), testosterone (1 µM, n = 6) or benzyl 
alcohol (25 mM, n = 7) for 30 min while shaking at room temperature. This peptide conjugate has 
previously been used to differentiate between intracellular (genomic) versus membrane-mediated 
(nongenomic) steroid effect (Nagler et al., 2010). Readings were taken at various temperatures 
starting at 2°C thirty min post-treatment, followed by 12, 24 and 37±1°C. The required temperature 
(reached within approximately 5–10 min) was maintained and this was confirmed by temperature 
monitoring within each well, using a digital thermometer, immediately prior to and after the 
anisotropy measurements. Experiments were conducted on a minimum of five independent trout 
plasma membrane samples. Mifepristone (a GR antagonist) had its own effect on membrane order 
(data not shown) and, therefore, was not used as a tool for blocking GR effects in the present study. 
2.2.5 Preparation of Cortisol-peptide (Cortisol-PEP) Conjugate 
Conjugation of cortisol to form a derivative was carried out as reported by (Erlanger et al., 1957). 
Cortisol-carboxymethyl oxime (Cortisol-CMO (4-pregnen-11b,17,21-triol-3,20-dione3-O-
carboxymethyloxime,catalog number Q3888-000) was purchased from Steraloids Inc. (Newport, RI). 
The peptide conjugated to the CMO is a 15 amino acid sequence of the steroidogenic acute regulatory 
protein (N-terminus-SGGEVVVDQPMERLY-C-terminus; Proteomics Core Facility, Washington 
State University, Pullman, WA). The PEP is conjugated via the serine to the CMO using a mixed 
anhydride technique (Erlanger et al., 1957) using N,N-dimethylformamide (DMF) as solvent, tri-N-
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butylamine, and isobutyl chloroformate. This conjugation procedure produces a product of 1:1 
stoichiometry of a cortisol molecule to a single PEP sequence. The reaction is added to LH-20 
Sephadex column to separate the cortisol-PEP, free cortisol, and free PEP. Based on the absorbance at 
280 nm, three peaks are derived from the separation on the column with the first peak as cortisol-PEP. 
This method of obtaining just the hormone conjugate has been confirmed for E2-PEP (Davis et al., 
2011) using Waters QTOF-micro electrospray mass 89 spectometer with the sample introduced by 
direct infusion (Macromolecular Resources, Colorado State University, Fort Collins, CO). 
2.2.6 Atomic Force Microscopy (AFM) 
Plasma membrane surface topography (height changes) and phase (viscoelastic changes) were 
measured simultaneously using atomic force microscopy (AFM). AFM measurements were carried 
out in a fluid cell (Molecular Imaging) using the Agilent Technologies 5500 Scanning Probe 
Microscope in intermittent contact mode (MAC mode) at 0.7 ln/s as described before (Moores et al., 
2011). Precise force regulation was obtained in MAC mode by using a magnetically coated cantilever 
(MacLevers Type II from Agilent Technologies; force constant: 2.8 N/m, tip radius: 7 nm, and height: 
10–15 µm) Membrane samples were transferred onto a freshly cleaved piece of mica placed within 
the liquid cell and equilibrated for 10 minutes followed by a quick rinse with nanopure water. Plasma 
membranes were scanned immediately after rinsing (control, 0 min) or 30 min after incubation with 
or without cortisol (100 ng/mL). The scan immediately after the rinse was used to ensure that there 
were no time-dependent effects on plasma membrane topography and phase. Control membranes 
scanned 30 min after the rinse were compared to cortisol-treated membranes to determine cortisol 
treatment effects. Scanning at 0.7 ln/s takes approximately 15 min, therefore, the initial scan (referred 
to as 0 min) was completed within 15 min and the post-treatment scans (referred to as 30 min) within 
45 min. 
Imaging was repeated with membranes from four independent fish. Images were analyzed 
using Agilent Image Processing software. Quantitative analysis of surface coverage of higher 
domains was carried as described previously (Hane et al., 2010) using ImageJ software (Rasband, 
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA; 
http://rsbweb.nih.gov/ij/). Briefly, surface coverage was calculated by taking the sum of pixels 
associated with regions above a certain height (to select for higher domains) divided by the sum of the 
total number of pixels in the image. Membrane roughness for topography and differences in 
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viscoelasticity was calculated by taking the average difference in height or phase between lower and 
higher membrane regions, respectively. 
2.2.7 Hepatocyte Experiment 
Rainbow trout hepatocytes were isolated using in situ collagenase perfusion and maintained exactly 
as described previously (Sathiyaa et al., 2001). Hepatocyte viability was >95% and the cells were 
suspended in L-15 (Sigma, St. Louis, MO) medium and plated in six-well tissue culture plates 
(Sarstedt, Inc., Newton, NC) at a density of 1.5 million cells/well (0.75 million cells/ml). Cells were 
maintained at 13°C for 24 h at which time the L-15 media was replaced and the cells were allowed to 
recover for an additional 2 h before the start of experiments. Cells were treated for 10 min either in 
the absence (0.01% ethanol) or presence of cortisol (100 or 1000 ng/mL) or benzyl alcohol (25 mM). 
We were unable to use PEP as a tool to separate membrane receptor-mediated effects of cortisol from 
changes due to membrane order because PEP by itself affected acute signaling pathways in trout 
hepatocytes (data not shown). The reaction was stopped by replacing L-15 media with 100 µl ice cold 
lysis buffer (50 mM Tris, 0.25 M sucrose, 1% SDS, 10 mM NaF, 5 mM EDTA, 5 mM NEM, 0.1% 
Nonidet-P40). Lysed cells were quickly heated at 95°C for 5 min followed by brief sonication (sonic 
dismembrator, Fisher Scientific). Experiments were repeated with hepatocytes isolated from three 
independent fish. 
2.2.8 Immunoblotting 
Protein concentration was measured using the bicinchoninic acid (BCA) method using bovine serum 
albumin as the standard. All samples were diluted in Laemmli’s sample buffer (1 M tris-HCl, pH 6.8, 
60 mM, glycerol 25%, SDS 2%, β-mercaptoethanol 14.4 mM, bromophenol blue 0.1%). Total protein 
(40 μg) was separated on a 10% SDS-PAGE and transferred to nitrocellulose membrane and blocked 
with 5% solution of non-fat dry milk in 1 X TTBS (2 mM Tris, 30 mM NaCl, 0.01% Tween, pH 7.5) 
for 1 h at room temperature. This was followed with an overnight incubation (1:1000 dilution) with 
either phospho-(Ser) PKC substrate, phospho-Akt substrate (RXXS/T) or phospho-PKA Substrate 
(RRXS/T) polyclonal rabbit antibodies (Cell Signaling Technology, Beverly, MA). Blots were 
incubated for 1 h at room temperature with anti-rabbit horseradish peroxidase (HRP)-labeled 
secondary antibody (Bio-rad; 1:3000 dilutions in 5% skim milk). Protein bands were detected with 
ECL Plus™ chemiluminescence (GE Health Care, Baie d’Urfe, QC) and imaged using either the 
Typhoon 9400 (Amersham Biosciences) or the Pharos FX Molecular Imager (Bio-rad). Total lane or 
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protein band intensity was quantified using AlphaImager HP™ (Alpha Innotech, CA). Equal loading 
was confirmed by incubation of membranes with Cy3™ conjugated monoclonal mouse β-actin 
antibody (Sigma, 1:1000) for 1 h at room temperature. 
2.2.9 Statistical Analysis 
A one-way or two-way analysis of variance was used for multiple comparisons and a least significant 
differences (LSD) post hoc test was used to compare within factor effects. Statistics were performed 
either on raw or log transformed data (when necessary to meet normality and equal variance 
assumptions). A probability level of p<0.05 was considered significant. All statistical analyses were 
performed using SigmaPlot 11 software (Systat Software Inc., San Jose, CA, USA). 
2.3 Results 
2.3.1 Membrane Properties – Cortisol Exposure in vitro 
To determine whether cortisol accumulates within plasma membranes, enriched liver plasma 
membranes from unstressed trout were exposed to stress levels of cortisol (100 ng/mL) for 30 min in 
vitro. Cortisol treatment caused a significant five-fold increase in membrane cortisol content 
(0.50±0.26 ng/mg protein) compared to untreated membranes (0.11±0.06 ng/mg protein, n = 3, Paired 
Student’s t-test), while membrane cholesterol levels were not significantly different between the two 
groups (60.9±10.9 µg/mg protein in control versus 55.2±9.4 µg/mg protein in cortisol-treated 
membranes). 
2.3.2 Steady-state fluorescence polarization. 
As expected, DPH anisotropy decreased with increasing temperatures (Fig.2-1). Benzyl alcohol 
significantly increased hepatic plasma membrane fluidity compared to the control membrane (Fig. 2-
1A). Exposure to stressed levels of cortisol (100–1000 ng/mL) significantly increased hepatic plasma 
membrane fluidity, whereas resting level of cortisol (10 ng/mL) reported in trout had no significant 
effect on fluidity compared to the control group (Fig. 2-1B). When cortisol was coupled to a peptide 
moiety (PEP) to make it membrane impermeable (cortisol-PEP), there was no significant effect on 
membrane fluidity (Fig. 2-1C). Also, neither pharmacological levels of 17β-estradiol (10 µM) nor 






Figure 2-1. Cortisol effect on plasma membrane order in vitro 
A) 1,6-Diphenyl-1,3,5-hexatriene (DPH) fluorescence anisotropy of enriched hepatic plasma 
membranes isolated from rainbow trout treated with or without benzyl alcohol for 30 min prior to 
anisotropy measurement at various temperatures. Data represents mean ± S.E.M (n = 7 independent 
fish). Different upper case letters indicate significant temperature effects and inset indicates 
significant treatment effects (two-way repeated measures ANOVA, p<0.05). B) DPH fluorescence 
anisotropy of enriched hepatic plasma membrane fractions treated with cortisol (0, 10, 100, 500, and 
1000 ng/ml) for 30 min at various temperatures. Data represents mean ± S.E.M (n = 6 independent 
fish). Different upper case letters indicate significant temperature effects and inset indicates 
significant treatment effects (two-way repeated measures ANOVA, p<0.05). C) DPH fluorescence 
anisotropy of isolated hepatic plasma membrane fractions treated with the peptide conjugate (PEP, 
equivalent to 1000 ng/ml, 2.75 µM), or cortisol-conjugated peptide (cortisol-PEP, 0.275 µM and 2.75 
µM) for 30 min prior to anisotropy measurement at various temperatures. Data represents mean ± 
S.E.M (n = 5 independent fish). Different upper case letters indicate significant temperature effects 
(one-way repeated measures ANOVA, p<0.05). D) DPH fluorescence anisotropy of enriched trout 
hepatic plasma membrane fractions treated with 17β-estradiol (E; 1 µM) or testosterone (T; 1 µM) for 






































































































































2.3.3 Atomic force microscopy (AFM). 
The surface topography of control (Figs. 2-2A, a,c) membranes and their corresponding cross-section 
plots (Figs. 2-2A, b,d) reveal membrane domains within the plasma membrane that differ in height. 
The solid arrow points to a lower membrane domain (darker regions), while the dotted arrow denotes 
a higher domain (lighter regions, Fig. 2-2A, c). The difference in height between the low and high 
domains (average membrane roughness) of control plasma membranes did not vary over the 30 min 
incubation (0 min: 2.60 nm±0.073 nm versus 30 min: 2.49 nm±0.11 nm). However, surface 
topography differed considerably after cortisol treatment (Figs. 2-2A, e,g, cross-sections Figs. 2-2A, 
f,h) compared to control membranes at 30 min (Figs.2- 2A, a,c, cross-sections Figs. 2-2A, b,d). In 
particular, by comparing the cross-sections, maximum roughness was higher for membranes treated 
with cortisol (3.98 nm±0.13) compared to control membranes (2.49 nm±0.11 nm). 
In addition to domain height, the phase image (Fig. 2-2B), which maps the degree of surface 
adhesion of the cantilever as it interacts with the surface (Magonov et al., 1997), also indicates that 
the different domains differ in their relative hardness (viscoelastic properties). As with topography, 
the control phase images did not change over the 30 min period. Unlike topography, cortisol 
treatment decreased the degree to which the phase differed between the higher and lower regions 
(Figs. 2-2B, e,g) compared to control membranes (Figs.2- 2B, a,c). Specifically, in control 
membranes there was a nine-fold difference in the phase image (Fig.2- 2B, b) between the soft versus 
the most rigid points, whereas there was only a twofold difference after cortisol treatment (calculated 
from corresponding cross sections; Fig. 2-2B, d). As seen in the cross-sectional plots of control 
(Figs.2- 2B, b,d) and cortisol (Figs. 2-2B, f,h) treated membranes, this is due to an increase in the 
surface adhesion of the lower (fluid) domain, whereas the surface adhesion of the upper domain 
remained unchanged following cortisol treatment (i.e. phase of lower domains increases, whereas 
phase of upper domains is unchanged in response to cortisol treatment; Fig. 2-2C). 
Lastly, as seen in both the topography and phase images following cortisol treatment (Figs. 2-2A and 
2B [e,f,g,h]), the micro-domains (lipid rafts) increased in frequency and size and, therefore, cover a 
greater surface area compared to control (Figs. 2-2A and 2B [a,b,c,d]) membranes. Specifically, 
surface coverage of higher domains for control membranes was 51%, whereas the surface coverage of 






Figure 2-2. Cortisol effect on liver plasma membrane topography and surface adhesion 
A) Representative atomic force microscopy (AFM) images of supported hepatic plasma membrane 
topography (membrane height). Images were taken prior to (a) and 30 min after cortisol (100 ng/mL) 
treatment (e) in liquid cell at room temperature. A zoomed in scan is also shown for the control (c) 
and cortisol-treated (g) membranes that was scanned for 60 min. The approximate scan region of the 
zoomed in image is indicated by the dashed red box in the control image (a) and solid red box in the 
cortisol-treated image (e). Two distinct domains, which differ in height, are visible in both control 
and cortisol-treated membranes. A representative higher domain is indicated by the dotted arrow, 
while the lower domain is indicated by the solid arrow (c). Short-term cortisol treatment altered the 
topography of the plasma membrane. The cross-section graph featured below each image was 
calculated from points along the white horizontal line. The y-axis represents vertical height (nm), 
whereas the x-axis represents the horizontal distance (nm). B) Representative AFM images of 
supported hepatic plasma membrane phase (surface adhesion properties). Images were taken prior to 
(a) and 30 min after cortisol (100 ng/mL) treatment (e) in liquid cell at room temperature. A zoomed 
in scan is also shown of the control (c) and cortisol treated (g) membranes that was scanned for 60 
min. The approximate scan region of the zoomed in image is indicated by the dashed red box in the 
control image (a) and solid red box in the cortisol-treated image (e). Two distinct domains, which 
differ in their viscoelastic (surface adhesion) are visible in both control and cortisol-treated 
membranes. Acute cortisol treatment altered the viscoelastic properties of the plasma membrane 
within 30 min of treatment. The cross-section graph featured below each image was calculated from 
points along the white horizontal line. The y-axis represents degree of deflection (degrees), whereas 
the x-axis represents the horizontal distance (nm). C) A schematic representation of cortisol’s effect 
on plasma membrane properties. Short-term incubation with cortisol (b) increased surface roughness 
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2.3.4 Hepatocyte Response 
To investigate whether physiochemical changes in the plasma membrane are capable of stimulating 
intracellular signaling in trout hepatocytes we examined the phosphorylation of PKA, PKC and AKT-
substrate proteins in response to benzyl alcohol, a known membrane fluidizer, and cortisol. Our 
results demonstrate that benzyl alcohol (25 mM) significantly increases phosphorylation of PKC (Fig. 
2-3A), PKA (Fig. 2-3B) and AKT (Fig. 2-3C) substrate proteins within 10 min. Similar to the 
response seen with benzyl alcohol, cortisol at 100 and 1000 ng/mL also significantly increased 






















Figure 2-3. Cortisol effect on rapid cell signaling in trout hepatocytes 
Rainbow trout hepatocytes were incubated either with cortisol (0, 100 or 1000 ng/mL) or benzyl 
alcohol (BA; 25 mM) for 10 min. Cell homogenates (40 µg protein) were probed with polyclonal 
rabbit antibody (Cell Signaling Technology, Beverly, MA) to either phospho-(Ser) PKC substrate 
(A), phospho-PKA Substrate (RRXS/T) (B) or phospho-Akt substrate (RXXS/T) (C). Equal loading 
was confirmed with β-actin (monoclonal mouse antibody; Sigma, St. Louis, MO). A representative 
immunoblot for each is shown; values are plotted as % control and shown as mean ± S.E.M (n = 3 
independent fish); bars with different letters are significantly different (repeated measures ANOVA, 





























































































































































This study provides novel insight into the role of glucocorticoid in the acute stress response by 
demonstrating for the first time that stressed levels of this steroid rapidly alter liver plasma membrane 
fluidity and modulates cell signaling in a piscine model. Although physical changes to plasma 
membrane structure are known to be an important initiator of intracellular signaling events in 
response to stressors (Vigh et al., 2007), a role for steroids in this process is far from clear. Our results 
highlight a hitherto unknown role for cortisol in acute stress adaptation that is nonspecific and 
involves changes in membrane fluidity. 
We demonstrate a rapid change in liver plasma membrane fluidity in response to stressed 
levels of cortisol in vitro. The fluidity changes seen with cortisol were not dose-related, but occurred 
above a certain threshold suggesting a receptor-independent mechanism likely associated with steroid 
incorporation into the lipid domain. This was supported by the inability of membrane impermeable 
cortisol-PEP to alter membrane fluidity. While changes in plasma membrane cholesterol levels alter 
lipid order (Lingwood and Simons, 2010) that appears unlikely in the present case as membrane 
cholesterol remained unchanged in response to cortisol treatment. The cortisol-induced fluidization of 
liver plasma membrane appears to be steroid specific, as neither 17β-estradiol nor testosterone 
treatment showed a similar response in trout plasma membrane. This agrees with the recent findings 
that the chemical structure of the steroid backbone affects interaction with the lipid bilayer and 
subsequent changes in plasma membrane fluidity (Rog et al., 2008). It remains to be determined 
whether the membrane biophysical effect is also seen with other corticosteroids and not just cortisol. 
However, cortisol is the primary corticosteroid that is released into the circulation in response to 
stress in trout. The membrane fluidizing effect of cortisol seen in liver may be a generalized response 
affecting all tissues in response to stress. Mammalian studies reported a fluidizing effect of 
glucocorticoid on fetal rat liver (Kapitulnik et al., 1986) and dog synaptosomal membranes 
(Deliconstantinos, 1985), whereas an ordering effect was observed in rat renal brush border (Levi et 
al., 1995) and rabbit cardiac muscle (Gerritsen et al., 1991). This suggests that stress-mediated 
cortisol effect on membrane order may be tissue-specific, but this remains to be determined in fish. 
Altogether, our results indicate that stress-induced elevation in cortisol levels rapidly fluidizes liver 
plasma membrane in rainbow trout. 
AFM topographical and phase images further indicate that cortisol alters biophysical properties of 
liver plasma membranes. Specifically, cortisol exposure led to the reorganization of discrete 
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microdomains, likely gel phase (higher domains) and disordered fluid-phase (lower domains) in the 
lipid bilayer. These discrete domains differed in height, which increased after cortisol treatment. A 
recent study on erythrocytes also reported a glucocorticoid-induced domain reorganization, which 
involved formation of large protein-lipid domains by hydrophobic and electrostatic interactions 
leading to alteration in membrane structure and elasticity (Panin et al., 2010). Similar domain changes 
have also been reported for synthetic lipids in response to halothane exposures or melting transitions 
(Leonenko and Cramb, 2004), treatments that are known to increase membrane fluidity (Leonenko 
and Cramb, 2004), (Leonenko et al., 2004). Cortisol appears to have a greater effect on lower 
domains, as indicated by the greater change in surface adhesion (phase) following steroid treatment, 
compared to the higher lipid domains. Collectively, stressed levels of cortisol rapidly alter the 
biophysical properties of trout hepatic plasma membrane. We hypothesize that changes in membrane 
order by cortisol is the result of a non-uniform fluidization at the nanoscale among different 
membrane domains. 
Rapid changes to membrane order by cortisol may play a role in triggering acute stress-
related signaling pathways. Indeed membrane order perturbations lead to rapid activation of cell 
signaling pathways, including protein kinases (Vigh et al., 2007). In agreement, benzyl alcohol, a 
known membrane fluidizer, rapidly induced phosphorylation of PKA, PKC and AKT putative 
substrate proteins. The intracellular effect of benzyl alcohol has been attributed to its direct effect on 
plasma membrane structure. Interestingly, cortisol exposure also induced phosphorylation of PKA, 
PKC and AKT putative substrate proteins as seen with benzyl alcohol, supporting a rapid stress 
signaling event mediated by changes to membrane order. While membrane receptor mediated 
nongenomic glucocorticoid signaling has been reported before (Borski, 2000), to our knowledge this 
is the first report of membrane biophysical changes initiating a rapid signaling event induced by 
stressed levels of cortisol in any animal model. 
To date, the genomic effects of cortisol have been the primary focus in establishing the role 
of this steroid in the acute stress response (Vegiopoulos and Herzig, 2007), (Aluru and Vijayan, 
2009). In liver, stress-induced cortisol has been shown to modulate expression of genes involved in 
intermediary metabolism, including gluconeogenesis, which is essential for mobilizing glucose to 
cope with the enhanced energy demand (Aluru and Vijayan, 2009; Mommsen et al., 1999; Rose et al., 
2010; Vegiopoulos and Herzig, 2007). This genomic response to cortisol is slow acting and, 
therefore, not considered to be important in the rapid glucose regulation associated with the fight-or-
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flight response (McEwen, 2007). The PKA and AKT (Klover and Mooney, 2004) signaling pathways 
are both known to regulate hepatic glucose metabolism, while PKC has been implicated in hepatic 
insulin resistance (Samuel et al., 2007). Consequently, cortisol-mediated changes in membrane 
fluidity may be a key nonspecific stress response triggering the phosphorylation of putative protein 
kinase substrate proteins. This rapid activation of stress-related signaling pathways by cortisol may be 
playing an important role in the metabolic adjustments to the fight-or-flight response. As plasma 
membrane order can affect membrane receptor function (Chachisvilis et al., 2006), we hypothesize 
that cortisol-induced biophysical membrane changes may also modify hepatocyte responsiveness to 
other stress signals, including glucoregulatory hormone stimulation. In support, studies have shown a 
permissive effect of cortisol treatment on epinephrine-mediated glucose production in trout 
hepatocytes (Mommsen et al., 1999), (Reid et al., 1992). 
Altogether, our results underscore a novel plasma membrane response to stressed levels of 
glucocorticoid exposure, leading to a nongenomic signaling event in trout hepatocytes. This rapid and 
nonspecific cortisol effect may act either alone and/or in concert with membrane receptor activation, 
to modulate stress-related signaling pathways. We propose that the rapid cortisol-mediated changes in 
membrane fluidity occur in a non-uniform domain-like manner and may have important 
consequences to the non-specific cellular stress response and adaptation to subsequent stressor insult 
in animals. 
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Chapter 3: Nongenomic cortisol signaling in response to acute 
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In response to an acute stressor a conserved physiological response is initiated, which involves 
elevation of stress hormones and subsequent metabolic adjustments, to ensure homeostasis (Sapolsky 
et al., 2000). The principal stress hormones, epinephrine and glucocorticoids, have critical functions 
in the stress adaptation process (Charmandari et al., 2005). The fight-or-flight response involves the 
activation of the sympathetic nervous system leading to the rapid release of epinephrine from 
chromaffin cells (Charmandari et al., 2005). This catecholamine plays a major role in the acute 
cardiovascular and metabolic adjustments associated with the fight-or-flight response. The synthesis 
and release of cortisol, the principal glucocorticoid in teleost, comprises the second phase of the 
neuroendocrine response, which has a longer-term effect on stress adaptation. A key target tissue 
involved in metabolic adjustments during stress adaptation is the liver. Within the liver, the genomic 
effects of cortisol involve changes in expression of genes involved in intermediary metabolic 
regulation (Aluru and Vijayan, 2009; Prunet et al., 2008). While several studies have examined the 
genomic effects associated with stressor-induced plasma cortisol elevation (Aluru and Vijayan, 2009; 
Prunet et al., 2008; Vegiopoulos and Herzig, 2007), few have investigated the rapid nongenomic 
effects of this steroid on peripheral tissues (Billing et al., 2012).  
The plasma membrane is likely pivotal during the response to stress as the cell membrane is 
tightly linked to cellular physiology and controls ion transport, integral and peripheral membrane 
receptor activation and enzyme activity (Vigh et al., 2007). Mounting evidence indicate that subtle 
perturbations in the plasma membrane structure and/or composition can have important consequences 
to cellular physiology, including membrane transport (Melchior and Czech, 1979), endocytosis 
(Rhode et al., 2009), enzyme activity (Gordon et al., 1980), permeability (Lande et al., 1995) and 
apoptosis (Rodrigues et al., 2002). Indeed changes to membrane biophysical properties have been 
shown to modulate intracellular stress-activated signaling pathways in responses to temperature 
(Nagy et al., 2007), oxidative (Clement et al., 2010; Sergent et al., 2005) and mechanical stressors 
(Verstraeten et al., 2010). Despite evidence that changes in plasma membrane properties rapidly 
affect cellular stress response (Vigh et al., 2007), very little is known about the effect of acute 
physical stressor on membrane properties and associated signaling events in whole organisms.  
Recently we reported that in vitro exposure of hepatic plasma membranes to cortisol rapidly 
alters fluidity, surface topography and elasticity in rainbow trout (Oncorhynchus mykiss) (Dindia et 
al., 2012). In addition to modulating plasma membrane properties, stress levels of cortisol rapidly 
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phosphorylated putative substrate protein of protein kinase C (PKC), protein kinase A (PKA) and 
AKT in hepatocytes. Benzyl alcohol, a well documented membrane fluidizer, also activated these 
kinase pathways suggesting that changes in membrane fluidity may be initiating stress signaling 
cascades in trout hepatic tissue (Dindia et al., 2012). This led us to hypothesize that acute stressor-
induced plasma cortisol elevation rapidly alters hepatic membrane order in vivo, and may modulate 
the hepatic response to acute physical stressor. To test this hypothesis we carried out in vivo acute 
stress experiment either in the presence or absence of metyrapone, an 11β-hydroxylase inhibitor that 
blocks endogenous cortisol biosynthesis (Meikle et al., 1975). Liver plasma membrane fluidity, 
topography and composition along with phosphorylation of putative protein kinase C (PKC), protein 
kinase A (PKA) and AKT substrate proteins and ERK(1/2) MAPKs were measured after a 30 min 
physical stressor in rainbow trout. We report for the first time that an acute physical stressor fluidizes 
liver plasma membrane in rainbow trout and underscores a role for cortisol in rapidly modulating the 
membrane biophysical properties and evoking cellular responses.  
3.2 Materials & Methods 
3.2.1 Animals  
Juvenile rainbow trout (100-300 g) purchased from Alma Aquaculture Research Station (Alma, 
Ontario) were maintained at the University of Waterloo aquatic facility exactly as described before 
(Sandhu and Vijayan, 2011). The tanks were supplied with a constant flow of aerated well water (12 
± 2°C) and were maintained under a 12hL:12hD photoperiod. Trout were acclimated for at least two 
weeks prior to experiments and were fed commercial trout feed (Martin Mills, Elmira, Ontario) to 
satiety once daily, 5 days a week. The animals were maintained according to Canadian Council on 
Animal Care guidelines and approved by the animal care committee at the University of Waterloo.  
3.2.2 Experimental Protocol 
There were four experimental tanks (100 L) with groups of 12-13 trout each maintained exactly as 
mentioned above. Fish in two tanks were injected with 1 mg/kg of metyrapone (Sigma, St. Louis, 
MO), while the other two tanks were injected with an equal volume of 0.9% saline (sham group). 
Prior to injection trout were sedated with 2-phenoxyethanol (1:10 000; Sigma). The fish were allowed 
to recover for an hour after which they were netted (5 min netting disturbance) and crowded together 
by pooling fish from the duplicate tanks into one tank (24-26 trout /tank). The sham fish or 
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metyrapone-treated fish were sampled 30 min after handling and crowding. All fish were euthanized 
with an overdose of 2-phenoxyethanol (1:1000) and were sampled either prior to (0 min) or 30 min of 
stressor exposure. Sampling consisted of quickly netting 6 fish into the anesthetic and bleeding all 
fish within 5 min. Fish were weighed and bled by caudal puncture into heparinized tubes followed by 
centrifugation (5 min at 6000Xg) for plasma collection. Plasma samples were frozen at -70°C for later 
determination of cortisol, glucose and lactate levels. Livers were quickly removed and flash frozen in 
liquid nitrogen and stored at -70°C for plasma membrane isolation.  
3.2.3 Plasma cortisol, glucose and lactate analysis 
Plasma cortisol levels were measured using a [
3
H]-labeled cortisol radioimmunoassay as described 
previously (Alsop et al., 2009). Plasma glucose (Trinder method, Sigma) and lactate (Trinity Biotech, 
St. Louis, MO) levels were measured using commercially available colorimetric kits. 
3.2.4 Liver plasma membrane  
Liver plasma membranes were isolated using sucrose gradient as described previously (Sulakhe, 
1987). The membrane pellet was resuspended in TCD buffer (300 mM sucrose, 10 mM Tris-HCl, 1 
mM dithiothreitol (DDT), 0.5 mM CaCl2, 1X protease inhibitor cocktail, pH 7.5; Sigma) and frozen 
at -70°C. All steps, including centrifugation, were carried out at 4°C. The enrichment of the 










ATPase (H: 2.8 ± 0.31 vs. M: 10.4 ± 2.3; n = 23) and twelve-fold higher 5’- nucleotidase (H: 3.6 ± 
0.56 vs. M: 41.7 ± 9.2; n = 12) activities (U/g protein) in the membrane (M) fraction compared to the 
initial tissue homogenate (H), confirm membrane enrichment. The ~97% drop in LDH activity (H: 
5334.7 ± 386.2 vs. M: 163.7 ± 113.7; n = 23) in the membrane fraction compared to the homogenate 
further confirms enriched plasma membranes with negligible cytosolic contamination. 
3.2.5 DPH anisotropy  
The hepatic plasma membrane fluidity of sham and metyrapone-treated trout before and after acute 
stress was analyzed by measuring the steady-state fluorescence polarization using the membrane 
fluorescent probe, 1,6-diphenyl-1,3,5 hexatriene (DPH; Life Technologies Inc., Burlington, ON) 
exactly as described previously (Dindia et al., 2012). Membrane samples were added to 96-well 
opaque plates (Corning Incorporated, New York, USA; 100 µl with approximate protein 
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concentration of 0.3 mg /ml) and incubated with DPH (1:100 of 4.7 mM stock dissolved in 
tetrahydrafuran for 30 min in the dark.  Readings were taken at various temperatures starting at 2°C 
thirty min post-treatment, followed by 12, 24 and 37 ± 1°C. The required temperature (reached within 
approximately 5-10 min) was maintained and this was confirmed by temperature monitoring within 
each well, using a digital thermometer, immediately prior to and after the anisotropy measurements.  
3.2.6 Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) was used to compare topography and elasticity properties of hepatic 
plasma membranes. AFM measurements were carried out in a fluid cell (Molecular Imaging) using 
the Agilent Technologies 5500 Scanning Probe Microscope in tapping mode (MAC mode) as 
described before (Moores et al., 2011). Precise force regulation was obtained in MAC mode by using 
a magnetically coated cantilever (MacLevers Type II from Agilent Technologies; force constant: 2.8 
N/m, tip radius: 7nm, and height: 10-15µm). Membrane samples were transferred onto a freshly 
cleaved piece of mica placed within the liquid cell and equilibrated for 10 min followed by a quick 
rinse with nanopure water. Supported plasma membranes were scanned in water at 0.7 ln/s 
immediately following the rinse, which took approximately 15 min. Quantitative analysis of 
topography and phase images was conducted using Gwyddion (Czech Republic, 
http://gwyddion.net/). Difference in membrane height (membrane roughness) and viscoelastic 
properties between different membrane regions was calculated by taking the average difference in 
height or phase between lower and higher membrane regions, respectively. 
3.2.7 Lipid extraction  
Membrane samples were isolated as described above and extracted as previously described (Chung et 
al., 2011) and stored at -20°C for gas chromatography-flame ionization detection (GC-FID) and thin 
layer chromatography- flame ionization detection (TLC-FID) analysis as described before (THOMAS 
et al., 2010). Thin layer chromatography (TLC) was used to separate the individual phospholipids 
present in the sample and was preformed exactly as described previously (Chung et al., 2011). The 
dried samples (separated phospholipids) were derivatized for gas chromatography (GC) analysis as 




Liver tissue was homogenized and protein concentration was measured using the bicinchoninic acid 
(BCA) method using bovine serum albumin as the standard.  All samples were diluted in Laemmli’s 
sample buffer (1M tris-HCl, pH 6.8, 60 mM, glycerol 25%, SDS 2%, -mercaptoethanol 14.4 mM, 
bromophenol blue 0.1%) and the immunodetection carried out exactly as described in (Dindia et al., 
2012). Briefly, total protein (40 g) was separated on a 10% SDS-PAGE and transferred to 
nitrocellulose membrane and blocked with 5% solution of non-fat dry milk in 1 X TTBS (2 mM Tris, 
30 mM NaCl, 0.01% Tween, pH 7.5) for 1 h at room temperature. This was  followed with an 
overnight incubation (1:1000 dilution) with either phospho-ERK(1/2) (Thr202/Tyr204) or total 
ERK(1/2) monoclonal rabbit antibodies or phospho-(Ser) PKC substrate, phospho-Akt substrate 
(RXXS/T) or phospho-PKA Substrate (RRXS/T) polyclonal rabbit antibodies (Cell Signaling 
Technology, Beverly, MA). Blots were incubated for 1 h at room temperature with anti-rabbit 
horseradish peroxidase (HRP)-labeled secondary antibody (Bio-rad; 1:3300 dilutions in 5% skim 
milk). Protein bands were detected with ECL Plus chemiluminescence (GE Health Care, Baie 
d’Urfe, QC) and imaged using either the Typhoon 9400 (Amersham Biosciences) or the Pharos FX 
Molecular Imager (Bio-rad). Total lane or protein band intensity was quantified using AlphaImager 
HP (Alpha Innotech, CA) and values were normalized to a standard trout liver sample run on each 
blot for inter-blot comparisons. Each immunoblot was subsequently probed with Cy3™ conjugated 
monoclonal mouse β-actin antibody (Sigma, Cy3™ conjugated monoclonal mouse; 1:1000) for 1 h at 
room temperature. Densitometric values were then normalized to β-actin to control for protein 
loading differences between samples.  
3.2.9 Statistical analysis  
A two-way analysis of variance was used to compare time and treatment effects. A least significant 
differences (LSD) post hoc test was used to determine within factor effects. For AFM analysis, 
Student’s t-test was used to compare surface topography and phase parameters differences between 0 
and 30 min of stressor exposure. A linear regression analysis was carried out between plasma cortisol 
values and the phosphorylation intensity of active ERK(1/2) (ratio of phosphorylated to total) and 
PKC, PKA and AKT substrate proteins. Statistics were performed either on raw or log transformed 
data (when necessary to meet normality and equal variance assumptions). A probability level of p < 
0.05 was considered significant. All statistical analyses were performed using SigmaPlot 11 software 
(Systat Software Inc., San Jose, CA, USA).  
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3.3 Results  
3.3.1 Plasma cortisol, glucose and lactate levels 
Plasma cortisol levels were significantly higher 30 min after stressor exposure, while prior 
metyrapone treatment inhibited this response (Fig.3-1A). Plasma glucose levels were not significantly 
affected by the stressor exposure in both groups (Fig. 3-1B).  Plasma lactate levels were not 
significantly different 30 min after stressor exposure. However, metyrapone-treated trout had 
significantly lower plasma lactate levels compared to sham trout at both 0 h and 30 min post- stressor 












Figure 3-1. Effect of acute stressor exposure in the presence or absence of metyrapone on 
plasma cortisol 
 (A), glucose (B) and lactate (C) levels in rainbow trout. Data represents mean ± S.E.M (n = 4-6). 
Different upper case letters indicate significant time effects and inset indicates significant treatment 









































































3.3.2 Stress effect on hepatic plasma membrane order  
As expected DPH anisotropy (reciprocal to fluidity) decreased with increasing temperatures, 
indicating that plasma membrane fluidity increased with temperature (Fig. 3-2).  In addition to a 
temperature effect, there was a significant plasma membrane fluidization in response to acute stress 
such that plasma membranes were significantly more fluid (lower DPH anisotropy) compared to the 
pre-stressor group. Metyrapone-injection did not significantly affect plasma membrane fluidity in 
response to stress compared to sham treated trout. The stress-induced fluidization in the sham group 






Figure 3-2. Effect of acute stress on 1,6-Diphenyl-1,3,5-hexatriene (DPH) fluorescence 
DPH fluorescence polarization was measured in enriched hepatic plasma membranes isolated from 
sham or metyrapone-treated trout before and 30 min after a stressor exposure. Data represents mean ± 
S.E.M (n = 4-6). Different upper case letters and inset indicate significant time and treatment effects, 





































3.3.3 Stress alters membrane biophysical properties 
Atomic force microscopy was used to image the surface properties of liver plasma membranes 
isolated from sham trout before and 30 min after the handling and crowding stressor. In both 
topography (Fig. 3-3A [a,b]) and phase (Fig. 3-3B [a,b]) images there are two plasma regions (light 
versus dark regions, which likely represent different plasma membrane domains). These two plasma 
membrane domains differ in height (Fig. 3-3A [c,d]), with the solid arrow pointing to the lower 
domain, while the dotted arrow denotes a higher domain (Fig. 3-3A[b]). In addition to height, the two 
plasma membrane domains also differ in their viscoelasticity properties (relative hardness or 
softness), as seen in the phase image (Fig. 3-3B [a,b]). In the phase image (Fig. 3-3B[b]), the solid 
arrow indicates a harder domain, while the dotted arrow indicates a softer domain.   
The acute stressor significantly altered membrane topography and domain organization (Fig. 
3-3A), such that membrane roughness (difference between lower and higher domains) significantly 
increased following acute stress (Fig. 3-3A[e]). In addition, as evident in the corresponding cross-
section plots, the width of lower microdomains increased after stressor exposure (Fig. 3-3A[d]) 
compared to pre-stressor membranes (Fig. 3-3A[c]). The degree to which the two domains differed in 
phase also tended to increase following acute stress; however, the difference was not statistically 









Figure 3-3. Figure 3. Effect of acute stress on liver plasma membrane topography and surface 
adhesion. 
 (A) Representative atomic force microscopy (AFM) topography images of supported hepatic plasma 
membrane before (a) and 30 min after stressor exposure (b) Two distinct domains, which differ in 
height, are visible in both unstressed and stressed plasma membranes. A representative higher domain 
is indicated by the dotted arrow, while the lower domain is indicated by the solid arrow (b).  The 
cross-section graph featured below each image (c and d) was calculated from points along the white 
horizontal line. The y-axis represents vertical height (nm), whereas the x-axis represents the 
horizontal distance (nm). The average membrane roughness (difference in height between the lower 
and higher membrane regions) before and after acute stressor exposure is shown in the corresponding 
histogram (e).  (B) Representative AFM phase images (surface adhesion properties) of supported 
hepatic plasma membrane before (a) and 30 min after stressor exposure (b). Overall there are two 
distinct phases within the hepatic plasma membrane, which differ in their surface adhesion.  A region 
with higher surface adhesion is indicated by the dotted arrow while the solid arrow denotes a region 
with lower surface adhesion. The cross-section graph featured below each image (c and d) was 
calculated from points along the white horizontal line. The y-axis represents degree of deflection 
(degrees), whereas the x-axis represents the horizontal distance (nm). The average difference in phase 
between the lower and higher membrane regions before and after acute stressor exposure is shown in 
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3.3.4 Stress effect on membrane lipid composition 
Plasma membrane lipid composition was measured to evaluate whether stress-induced physical and 
structural changes were due to changes in plasma membrane lipid composition. Quantitative thin 
layer chromatography was used to analyze the individual lipid classes in isolated hepatic membranes. 
The classes analyzed were phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS), cholesterol (C), sphingomyelin (SM), free fatty acids (FFA), and the ratios 
of C/PL, PE/PC and PC+SM/PE+PS (Table 3-1). Overall, there was no significant change in lipid 
composition in response to acute stress; however metyrapone-treated trout had significantly higher 
levels of PE 30 min after acute stressor exposure compared to all other groups and lower levels of 
FFA compared to sham trout. Within sham trout, there was no change in the total levels of saturates, 
monounsaturates, polyunsaturates, unsaturates, and plasmalogens after stress compared to values 
prior to stress (Table 3-1).  
Levels of saturated fatty acids (FA) significantly decreased in response to acute stress in 
metyrapone-treated trout but not sham trout, whereas levels of unsaturates, and in particular 
polyunsaturates, increased significantly in response to acute stress in the metyrapone-treated but not 
sham trout. Although there was no difference in overall saturation level within the sham, the levels of 
saturated and the saturated/polyunsaturated fatty acid level within PC were significantly higher 30 
min post-stressor compared to pre-stressor values (Table 3-1). In comparison, there were no changes 
in FA type within PC for metyrapone-treated trout in response to acute stress; however, the levels of 
monounsaturates and plasmalogens were significantly lower whereas the levels of polyunsaturates 
were significantly higher in metyrapone group compared to sham trout.  Within PE, there were no 
significant changes in fatty acid composition in response to acute stress or metyrapone treatment.  
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Table 3-1. Lipid components of liver plasma membrane 









PC 37.98 ± 4.61a 41.92 ± 3.96a 39.69 ± 6.38a 46.96 ± 7.39a 
PE 13.78 ± 0.41
a
 14.40 ± 0.68
a
 14.76 ± 0.75
a
 17.83 ± 1.30
b
 
PS 13.44 ± 2.19
a
 9.91 ± 1.02
a
 12.19 ± 2.24
a
 9.55 ± 3.19
a
 
SM 11.03 ± 1.57
a
 9.56 ± 1.32
a
 10.20 ± 1.75
a
 8.51 ± 2.98
a
 
C 13.89 ± 0.7a 12.59 ±1.38a 13.29 ± 1.56a 12.63 ± 1.86a 
FFA 12.07 ± 1.24
a
 11.46 ± 1.40
a
 9.84 ± 1.59
ab
 5.98 ± 1.43
b
 
PC+SM/PE+PS  1.79 ± 0.27
a
 2.12 ± 0.14
a
 1.92 ± 0.30
a
 2.16 ± 0.37
a
 
PE/PC  0.38 ± 0.03
a
 0.35 ± 0.01
a
  0.40 ± 0.04
a
 0.42 ± 0.10
a
 
C/PL  0.18 ± 0.0a 0.16 ± 0.02a 0.17 ± 0.02a 0.15 ± 0.02a 
Total fatty acid      
Saturates 36.99 ± 0.8
a
 35.00 ± 1.54
a
 41.45 ± 1.06
b
 34.43 ± 1.12
a
 
Monounsaturates 23.71 ± 0.65a 23.17 ± 1.31a 23.49 ± 1.07a 21.08 ± 0.75a 
Polyunsaturates 39.29 ± 1.0b 41.82 ± 1.60ab 35.05 ± 1.27c 44.47 ± 1.85a 
Unsaturates 63.00 ± 0.81
a
 65.00 ± 1.54
a
 58.54 ± 1.06
b
 65.56 ± 1.12
a
 
Plasmalogens 2.49 ± 0.52
a
 1.54 ± 0.26
a
 2.69 ± 0.31
a
   1.51 ± 0.37
a
 
Saturates/polyunsaturates 0.94 ± 0.04
b
 0.84 ± 0.05
bc
 1.19 ± 0.06
a
   0.77 ± 0.05
c
 
Saturates/unsaturates 0.58 ± 0.02a 0.54 ± 0.02a 0.71 ± 0.03b   0.52 ± 0.02a 
PC fatty acid      
Saturates 37.19 ± 1.24
a
 42.45 ± 1.55
b
 44.43 ± 1.28
b
 45.07 ± 0.73
b
 
Monounsaturates 58.05 ± 1.51a 50.90 ± 2.00b 45.09 ± 1.86c 45.12 ± 0.06c 
Polyunsaturates 4.75 ± 0.26a 6.64 ± 0.68a 10.47 ± 1.27b 9.79 ± 0.33b 
Unsaturates 62.68 ± 1.20
a
 57.01 ± 1.81
b
 53.37 ± 0.29
b
 53.64 ± 0.58
b
 
Plasmalogens 50.59 ± 1.11
a
 42.98 ± 2.27
a
 33.05 ± 2.98
b
 32.47 ± 0.33
b
 
Saturates/polyunsaturates 7.83 ± 0.18
a
 6.51 ± 0.64
a
 4.36 ± 0.54
b
 4.63 ± 0.42
b
 
Saturates/unsaturates 0.59 ± 0.03a 0.74 ± 0.05b 0.83 ± 0.02b 0.84 ± 0.02b 
PE fatty acid     
Saturates 37.15 ± 1.18
a
 39.45 ± 0.45
a
 39.48 ± 0.16
a
   33.26 ± 9.76
a
 
Monounsaturates 57.77 ± 1.58a 54.20 ± 2.34a 56.00 ± 0.73a 62.03 ± 11.90a 
Polyunsaturates 5.07 ± 1.48
a
 6.34 ± 1.89
a
 4.51 ± 0.90
a
  4.70 ± 2.14
a
 
Unsaturates 62.85 ± 1.18
a
 60.54 ± 0.45
a
 60.52 ± 0.16
a
 66.59 ± 9.90
a
 
Plasmalogens 50.88 ± 0.12
a
 45.09 ± 1.28
a
 43.86 ± 4.19
a
 59.54 ± 14.35
a
 
Saturates/polyunsaturates 9.67 ± 4.01a 6.79 ± 1.95a 8.29 ± 1.35a 7.73 ± 1.45a 
Saturates/unsaturates 0.59 ± 0.02a 0.65 ± 0.01a 0.65 ± 0.01a 0.53 ± 0.22a 
	
Values (percent by weight) represent means ± standard errors. Means in the same row accompanied 
by different superscript letters (e.g. a and b) are significantly different between treatments at LSD = 
0.05, n = 5 for all components except for PC and PE fatty acid components analysis where n= 3. PC = 
phosphatidylcholine, PE = phosphatidylethanolamine, PS = phosphatidylserine, SM=sphingomyelin, 




3.3.5 Stress effect on protein phosphorylation  
To investigate whether acute stressor exposure alters intracellular signaling, we examined the 
phosphorylation of putative PKA, PKC and AKT-substrate proteins. Our results demonstrate that 
there is a significant positive correlation between phosphorylation status of PKC (Fig. 3-4) and PKA 
(Fig. 3-5) but not AKT (Fig. 3-6) substrate proteins with plasma cortisol levels. In addition to these 
protein kinase pathways, the ratio of phosphorylated to total ERK (1/2) MAPK was also significantly 




Figure 3-4. Effect of acute stress on hepatic protein phosphorylation of protein kinase C (PKC) 
substrate proteins. 
Rainbow trout liver homogenates (40 µg protein) from sham and metyrapone-treated trout, before and 
after acute stress were probed with phospho-(Ser) PKC substrate polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins which are phosphorylated within the 
phosphorylation motif for PKC. Protein loading was controlled for by normalizing to β-actin 
(monoclonal mouse antibody; Sigma, St. Louis, MO). Densitometry values were obtained by 
quantifying the total phosphorylation intensity of each lane (region shown). The corresponding scatter 
plot of the plasma cortisol values against the total lane densitometry values is shown. There is a 
significant positive relationship between plasma cortisol values and PKC substrate phosphorylation 
(R
2
 = 0.607, p < 0.001, n = 23). 
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Figure 3-5. Effect of acute stress on hepatic protein phosphorylation of protein kinase A (PKA) 
substrate proteins. 
Effect of acute stress on hepatic protein phosphorylation of protein kinase A (PKA) substrate 
proteins. Rainbow trout liver homogenates (40 µg protein) from sham and metyrapone-treated trout, 
before and after acute stress were probed with phospho-PKA Substrate (RRXS/T) polyclonal rabbit 
antibody (Cell Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated 
within the phosphorylation motif for PKA. Protein loading was controlled for by normalizing to β-
actin (monoclonal mouse antibody; Sigma, St. Louis, MO). Densitometry values were obtained by 
quantifying the total phosphorylation intensity of each lane (region shown). The corresponding scatter 
plot of the plasma cortisol values against the total lane densitometry values is shown. There is a 
significant positive relationship between plasma cortisol values and PKA substrate phosphorylation 
(R
2
 = 0.615, p < 0.001, n = 23). 
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Figure 3-6. Effect of acute stress on hepatic protein phosphorylation of AKT substrate proteins. 
Rainbow trout liver homogenates (40 µg protein) from sham and metyrapone-treated trout, before and 
after acute stress were probed with phospho-Akt substrate (RXXS/T) polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated within the AKT 
phosphorylation motif. Protein loading was controlled for by normalizing to β-actin (monoclonal 
mouse antibody; Sigma, St. Louis, MO). Densitometry values were obtained by quantifying the total 
phosphorylation intensity of each lane (region shown). The corresponding scatter plot of the plasma 
cortisol values against the total lane densitometry values is shown. There is no significant relationship 

















































Figure 3-7. Activation of ERK(1/2) mitogen-activated protein kinase in response to acute stress. 
Rainbow trout liver homogenates (40 µg protein) from sham and metyrapone-treated trout, before and 
after acute stress were probed with total or phospho-specific ERK(1/2).monoclonal rabbit antibody 
(Cell Signaling Technology, Beverly, MA). Protein loading was controlled for by normalizing to β-
actin (monoclonal mouse antibody; Sigma, St. Louis, MO). A scatter plot of the plasma cortisol 
values plotted against the ratio of phosphorylated ERK(1/2) to the total ERK(1/2), quantified by 
measuring the densitometry of the protein band intensity, is shown. There is a significant positive 
relationship between plasma cortisol values and activation of ERK(1/2) MAPK (ratio of densitometry 
values of phosphorylated to total ERK(1/2) (R
2
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The novel finding from the present study is that stressor-induced plasma cortisol elevation alters the 
biophysical properties of plasma membranes in rainbow trout and evokes cellular stress responses. 
This is in agreement with our recent finding that cortisol treatment in vitro rapidly fluidizes liver 
plasma membrane, leading to nongenomic activation of stress-related signaling pathways in trout 
hepatocytes (Dindia et al., 2012). Most studies have focused on the genomic actions of cortisol in 
stress adaptation (Aluru and Vijayan, 2009), while this study highlights a novel nongenomic action of 
cortisol that is rapid and involves membrane structure alterations and modulation of stress-related 
signaling pathways in trout liver.   
The plasma membrane physicochemical properties are highly sensitive to the surrounding 
physical and chemical environment, leading to the proposal of the membrane-mediated stress sensing 
model, which theorizes that the plasma membrane is the primary detector of stress stimuli and 
activator of the cellular stress response (Verstraeten et al., 2010). Subsequently, recent studies suggest 
that the plasma membrane is central in mediating the cellular stress response and aiding in cellular 
tolerance to a variety of stressors, including osmotic (Rodriguez-Vargas et al., 2006), temperature 
(Thomas et al., 2010) and oxidative stress (Berzosa et al., 2010). This study provides additional 
evidence for this model, as we show for the first time that a physical stressor rapidly fluidizes plasma 
membranes. More importantly, the stress-induced fluidization was abolished in trout injected with 
metyrapone, suggesting that the stress-induced elevation of plasma cortisol mediates the plasma 
membrane effect. Further confirmation arises from our recent finding that stress levels of cortisol in 
vitro increases liver plasma membrane fluidity in rainbow trout (Dindia et al., 2012). While studies 
have shown that longer-term glucocorticoid exposure has a membrane fluidizing effect in vivo 
(Kapitulnik et al., 1986), this is the first report of a rapid effect of endogenous cortisol on membrane 
order in any animal model.  
Plasma membrane fluidization in response to stress in the present study was accompanied by 
membrane microdomain reorganization as detected with atomic force microscopy, including 
significantly higher membrane roughness (average difference in height between high and low 
domains). Microdomains within the plasma membrane are regions which differ in their lipid phase 
primarily due to their lipid and protein composition (Lingwood and Simons, 2010). These 
microdomains are commonly referred to as lipid rafts, which generally have a high percentage of 
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sphingolipid, cholesterol and membrane proteins (Lingwood and Simons, 2010). This stressor-
induced microdomain reorganization likely has important functional consequences as lipid rafts play 
a critical role in influencing receptor activity and intracellular signaling (Lingwood and Simons, 
2010; Nagy et al., 2007; Simons and Ikonen, 1997). The increase in plasma membrane roughness 
detected in response to stressor exposure, associated with microdomain reorganization, may play a 
role in activating the liver cellular response in trout. As cortisol treatment in vitro also increases 
plasma membrane roughness (Dindia et al., 2012), our results suggest that stressor-mediated elevation 
of plasma steroid hormone levels facilitate domain reorganization in rainbow trout.  
Membrane order changes may aid in the hepatic response to acute stress by regulating 
cellular processes important for stress adaptation. For instance, studies have shown that glucose 
transport systems are sensitive to the surrounding lipid environment (Melchior and Czech, 1979) and 
are markedly affected by temperature-induced changes in membrane fluidity (Pilch et al., 1980). In 
addition to metabolite transport, alterations to the plasma membrane can directly activate several 
stress-signaling pathways (Lasserre et al., 2008; Raghavendra et al., 2007; Slater et al., 1994) leading 
to cellular stress response. Also, stress-mediated alterations in membrane biophysical properties may 
have important permissive or suppressive effects on other hormonal cell signaling pathways (Makara 
and Haller, 2001). Altogether, our results suggest that stressor exposure, and the associated elevation 
of plasma cortisol level rapidly alters membrane order and this may modulate cellular stress response 
in rainbow trout.   
Plasma membrane properties, such as fluidity and domain structure are highly dependent on 
membrane composition (Van Meer et al., 2008). However, there were no stress-induced changes in 
the proportion of each lipid component, except the FFA composition within PC phospholipids. 
Although significant, the increase in saturation and decrease in monounsaturates was minor (5 and 
8%, respectively), and only occurred within PC class. Therefore, it is unlikely that the minor shift in 
saturation level affected the fluidity of the bulk plasma membrane fraction. Metyrapone by itself 
affected PC fatty acid composition and, therefore, was not a useful tool for identifying cortisol-
mediated effects on membrane composition in trout.  
The higher levels of saturated fatty acids and decreased monounsaturates in response to acute 
stress would imply a reduction in membrane fluidity, but that was not the case in the present study. 
This suggests that the stressor-mediated membrane fluidization seen in the present study was 
independent of changes in lipid composition and related to alteration in biophysical properties. We 
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recently demonstrated that stress levels of cortisol, but not a membrane impermeable form of this 
steroid (cortisol bound to a peptide moiety), was able to fluidize trout liver plasma membrane in vitro 
(Dindia et al., 2012). While the mechanism remains unknown, this clearly points to membrane order 
changes associated with incorporation of the stress steroid within the lipid bilayer, at levels above a 
certain threshold (> 100 ng/ml). In the present study, the stressor-mediated membrane fluidity 
changes corresponded with plasma cortisol levels > 100 ng/ml, leading us to propose that the rapid 
membrane order changes observed may be due to cortisol incorporation into the lipid bilayer.  
In addition to modulating physicochemical plasma membrane properties, our results provide 
evidence that stressor-induced cortisol elevation activates intracellular stress-related signaling 
cascades in the liver. Plasma cortisol levels, which were higher in stressed animals, positively 
correlated with higher phosphorylation of putative PKC and PKA but not AKT substrate proteins. 
Furthermore, activation of ERK(1/2) MAPK (ratio of phosphorylated to total) was also positively 
correlated with elevated plasma cortisol levels.  This supports our recent finding in vitro showing that 
stress levels of cortisol rapidly phosphorylates PKC and PKA substrate proteins, further supporting a 
nongenomic role for cortisol in the liver response to acute stress. 
Although the mechanism of PKC, PKA and MAPK activation in trout hepatocytes is not 
known, we hypothesize that cortisol-mediated biophysical changes to the plasma membrane may be 
playing a role in this nongenomic signaling event. Perturbations to the plasma membrane biophysical 
properties have been shown to regulate PKC, PKA, AKT and MAPK signaling (Butler et al., 2002; 
Lei et al., 2009; Sangwan et al., 2002). Furthermore, benzyl alcohol, which mediates its effects at the 
level of the plasma membrane (Nagy et al., 2007), also activated these signaling pathways in trout 
hepatocytes (Dindia et al., 2012), suggesting that these signaling pathways are sensitive to membrane 
perturbations in trout liver. However, we cannot rule out the possibility that the cell signaling 
response seen in the present study may also be due to activation of GR or other membrane receptors. 
For instance, PKC and MAPK pathways modulation is thought to play a role in the central 
nongenomic GR-dependent inhibition of ACTH secretion (Solito et al., 2003). Also, dexamethasone 
(a synthetic glucocorticoid) modulated the T cell phosphorylation profile in a GR-dependent manner 
(Boldizsar et al., 2010) suggesting a role for this receptor in rapid cellular action. Similarly in T 
lymphocytes and adipocytes, glucocorticoid-mediated inhibition of insulin signaling involves rapid 
GR-dependent down regulation of several insulin-related kinases (Löwenberg et al., 2006). However, 
glucocorticoid-mediated PKC, PKA and ERK(1/2) phosphorylation have also been reported in the 
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absence of GR activation in the hippocampus of mammalian species (reviewed in (Groeneweg et al., 
2012)), suggesting multiple modes of nongenomic signaling by this stress steroid. Although rapid 
nongenomic signaling by glucocorticoid have been reported in teleosts (Borski et al., 2002), a role for 
nongenomic signaling by GR has not been established (Aluru and Vijayan, 2009). Together, the 
activation of phosphorylation of putative PKC and PKA substrate proteins and ERK(1/2) MAPK, and 
its association with elevated plasma cortisol levels suggest a novel nongenomic role for cortisol in 
liver stress response, while the mechanisms involved remains to be elucidated. We propose that 
modulation of membrane biophysical properties by stress levels of cortisol in trout may be a novel 
mechanism leading to modulation of cell signaling pathways.  
In conclusion, the structural changes to the plasma membrane in response to stressor exposure 
provide evidence for a novel plasma membrane-mediated mechanism of stress adaptation in hepatic 
tissue. Importantly, our results indicate that the rapid stress-induced membrane perturbations are 
likely mediated by cortisol, underscoring a nongenomic stress signaling by this steroid during stress 
adaptation. Plasma cortisol elevation was also correlated with activation of stress-associated protein 
kinases further supporting a key role for nongenomic cortisol signaling in cellular stress adaptation. 
Thus, in addition to GR-activated effects, our results suggest that stressor-mediated plasma cortisol 
elevation also rapidly activate nongenomic stress signaling pathways by altering the membrane 
biophysical properties. We propose that this nonspecific stress response, mediated by cortisol 
incorporation into the lipid bilayers and modulation of stress signaling pathways, plays an important 
role in acute stress adaptation in animals.  
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Chapter 4 Rapid action of cortisol on hepatic signaling pathways: 
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Glucocorticoids (GC), are important regulators of metabolism, immune responses and development, 
mediate many of its effects via the glucocorticoid receptor (GR (Stahn and Buttgereit, 2008)).  The 
cytosolic GR is a ligand-dependent transcription factor, which regulates transcription by binding to 
the glucocorticoid response element in the promoter region of target genes (Stahn and Buttgereit, 
2008). In addition to the classical genomic pathway, GC, like other steroid hormones are also capable 
of eliciting rapid cellular effects within seconds to minutes of steroid exposure (Lösel and Wehling, 
2003). Along with being rapid, the cellular responses are independent of gene transcription and, 
therefore, referred to as nongenomic effects. The reported nongenomic effects of GC, and their 
mechanism of action, are extremely diverse and have proven to be tissue- and context-dependent 
(Groeneweg et al., 2012). 
The liver is critical for mediating the metabolic changes that support stress adaptation, and 
the genomic signaling by GC play a key role in this process (Hoene and Weigert, 2010; Mommsen et 
al., 1999). For instance, in mammalian (Oishi et al., 2005) and non-mammalian vertebrates (Aluru 
and Vijayan, 2009), GC alters the expression of key metabolic enzymes, including those involved in 
gluconeogenesis (Yabaluri and Bashyam, 2010).  While very little is known about the rapid GC 
effects in the liver, studies have demonstrated nongenomic GC signaling events in the brain and 
pituitary (Borski, 2000, Andrews et al., 2012). Peripherally, GC have been shown to rapidly modulate 
catecholamine secretion from chromaffin cells (Park et al., 2008). The precise mechanisms mediating 
the rapid GC effects are not completely understood. However, the protein kinase C (PKC), protein 
kinase A (PKA), protein kinase B/AKT and mitogen-activated protein kinase pathways are commonly 
implicated in nongenomic steroid signaling (Dindia et al., 2012; Tasker et al., 2006).  
In teleosts, cortisol is the predominant circulating corticosteroid and the majority of studies 
on the action of this hormone have focused on genomic signaling (Aluru and Vijayan, 2009). 
However, modulation of cyclic AMP (cAMP) signaling has been shown to be a key component of 
rapid cortisol inhibition of pituitary prolactin release in the tilapia, Oreochromis mossambicus (Borski 
et al., 2002). In the tilapia, cortisol has also been shown to rapidly reduce activates of hepatic 







(Sunny and Oommen, 2001) independent of protein synthesis. Also, cAMP-PKA pathway has been 
implicated in the rapid inhibition of cortisol on phagocytosis in the freshwater catfish (Channa 
punctatus; Roy and Rai, 2009). In rainbow trout (Oncorhynchus mykiss) cortisol rapidly (10 min) 
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induces coronary vasoconstriction, whereas 17-β-estradiol causes significant dilation (Agnisola et al., 
2004), while the mechanism mediating these rapid coronary effects are currently unknown.  
In mammalian studies, the PKC pathway appears to be an important mediator of rapid GC 
action, particularly in the brain (Di et al., 2003; Qiu et al., 2003; Zhang et al., 2012), whereas the  
phosphatidylinositol 3-kinase (PI3K)/protein kinase Akt pathway is a prominent mediator of 
nongenomic GC action in the cardiovascular system (Lee et al., 2012). Also, MAPKs (particularly 
p38 and ERK1/2), which act on numerous transcription factors, appear to be significant players 
regulating rapid GC effects in central and peripheral tissues. For instance, like PKA and PKC, MAPK 
pathways are involved in the GC inhibition of adrenocorticotropic hormone (ACTH) secretion from 
the pituitary (Solito et al., 2003) and recent research suggests that MAPK pathways play a notable 
role in the rapid immunosuppressive effect of GCs (Ayroldi et al., 2012). 
We recently demonstrated for the first time that cortisol treatment in vitro rapidly fluidizes 
liver plasma membrane of rainbow trout (see Chapter 2; Dindia et al., 2012). Also, stress-mediated 
cortisol elevation in vivo altered liver plasma membrane order in trout supporting a rapid effect of this 
steroid in stress adaptation (see Chapter 3; Dindia et al., in review). Furthermore, we provided 
evidence that phosphorylation of substrate proteins by PKA and PKC occurred in parallel to plasma 
membrane alterations in response to endogenous cortisol elevation (see Chapter 3; Dindia et al., in 
review). Therefore the aim of the current study was to further confirm a role for cortisol in the rapid 
induction of PKA, PKC, AKT and MAPK signaling pathways. To determine whether the rapid 
cortisol effects were GR independent, studies were conducted using the GR antagonist, mifepristone 
(also known as RU486). An attempt was also made to examine the possibility of membrane-receptor 
mediated by using a membrane impermeable peptide-cortisol conjugate (PEP-C). Unfortunately the 
unconjugated peptide activated cell signaling pathways in liver and, therefore, could not be used to 
elucidate membrane-mediated effects (see Appendix B). The effect of benzyl alcohol, a membrane 
fluidizer, was also investigated to evaluate the possibility that the rapid effects due to cortisol may 
involve changes in plasma membrane fluidity in trout hepatocytes.  
4.2 Material and Methods 
4.2.1 Animals & sampling 
Juvenile rainbow trout (100-300 g), purchased from Alma Aquaculture Research Station (Alma, 
Ontario), were maintained at the University of Waterloo aquatic facility exactly as described before 
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(Sandhu and Vijayan, 2011). The tanks were supplied with a constant flow of aerated well water (12 
± 2°C) and were maintained under a 12hL:12hD photoperiod. Trout were acclimated for at least two 
weeks prior to experiments and were fed commercial trout feed (Martin Mills, Elmira, Ontario) to 
satiety once daily, 5 days a week. Experiments were approved by the University of Waterloo Animal 
Care Protocol Review Committee and adhere to guidelines established by the Canadian Council on 
Animal Care for the use of animals in teaching and research. 
4.2.2 Liver tissue slices 
Trout liver slices were utilized to mimic the intracellular phosphorylation events in response to 
cortisol in the intact liver. Rainbow trout were sampled as mentioned above. Livers were quickly 
excised and washed in ice cold modified Hank’s buffer (110 mM NaCl, 3 mM KCl, 1.25 mM 
K2HPO4, 5 mM NaHCO3, 0.6 mM MgSO4, 1 mM MgCl2 and 10 mM Hepes; 1.5 mM CaCl2, 5 mM 
glucose; pH 7.63 at room temperature). Livers were then sliced into 8-10 mm pieces (500 µm 
maximum width) using a MD-1100 tissue slicer (Munford, USA), washed three times with modified 
Hank’s buffer containing 1.5mM CaCl2 and were placed in six-well tissue culture plates 
(approximately 50 mg of tissue/well) with L15 media. Liver slices were maintained at 13°C and were 
gently rocked during the incubation. Media was changed after an hour after slicing and tissue was 
incubated for an additional hour prior to treatment. Liver slices were then treated with either 
hydrocortisone (0, 100, or 1000 ng/ml), Mifepristone (RU486; 1000 ng/ml), or a combination of 
cortisol (1000 ng/ml) and Mifepristone. In the combination group Mifepristone was added 30 min 
prior to the addition of cortisol. Treatments were stopped at the indicated time (10 or 30 min post-
treatment) by washing the liver slices in modified Hank’s buffer containing 1.5 mM CaCl2 and were 
immediately frozen on dry ice and stored at -70°C.  
4.2.3 Isolated trout hepatocytes 
The rapidly signaling events associated with cortisol treatment were also examined in primary 
hepatocytes, which are the parenchyma cells of the liver. Rainbow trout hepatocytes were isolated 
using in situ collagenase perfusion and maintained exactly as described previously (Dindia et al., 
2012). Trypan blue dye exclusion method was used to determine hepatocyte viability and >95% cells 
were viable. Isolated cells in suspension were used to measure cAMP production exactly as described 
previously (Ings et al., 2011). Briefly, cells were thoroughly suspended (20 mg of cells/ml) in 
modified Hank’s buffer containing 1.5 mM CaCl2 and were transferred in 500 µl aliquots to 1.5 mL 
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centrifuge tubes. Cells were maintained in suspension by gentle rocking at 13°C in the dark. Cells 
were treated exactly as mentioned above. Each treatment was quickly terminated at the appropriate 
time interval (10 and 30 min) with the addition of perchloric acid (2% final concentration). The 
supernatant was collected for cAMP measurements after centrifugation at 10 000 X g for 2 min. 
cAMP levels were measured using a commercially available competitive ELISA kit. Procedures were 
carried out exactly as outlined in the manufacturer’s protocol (Cayman Chemical Company, Ann 
Arbor, Michigan). 
For protein phosphorylation experiments, hepatocytes were suspended in L-15 (sigma, St. 
Louis, MO) medium and plated in six-well tissue culture plates (Sarstedt, Inc., Newton, NC) at a 
density of 1.5 million cells/well (0.75 million cells/ml). Primary cell culture was established over a 24 
h incubation period at 13°C. The L-15 media was then replaced and the cells were allowed to recover 
for an additional 2 h before the start of experiments. Hepatocytes were then treated as described 
above. The reaction was stopped by replacing L-15 media with 100 µl ice cold lysis buffer (50 mM 
Tris, 0.25 M sucrose, 1 % SDS, 10 mM NaF, 5 mM EDTA, 5 mM NEM, 0.1 % Nonidet-P40). Lysed 
cells were quickly heated at 95°C for 5 min followed by brief sonication (sonic dismembrator, Fisher 
Scientific) and centrifuged at 10 000 X g for 5 min. The supernatant was collected and stored at -
80°C. 
4.2.4 Immunoblotting 
Liver tissue was homogenized and protein concentration was measured using the 
bicinchoninic acid (BCA) method using bovine serum albumin as the standard.  All samples were 
diluted in Laemmli’s sample buffer (1M tris-HCl, pH 6.8, 60 mM, glycerol 25%, SDS 2%, -
mercaptoethanol 14.4 mM, bromophenol blue 0.1%) and the immunodetection carried out exactly as 
described before (Dindia et al., 2012). Briefly, total protein (40 g) was separated on a 10% SDS-
PAGE and transferred to nitrocellulose membrane and blocked with 5% solution of non-fat dry milk 
in 1 X TTBS (2 mM Tris, 30 mM NaCl, 0.01% Tween, pH 7.5) for 1 h at room temperature. This was 
followed with an overnight incubation with either phospho-ERK(1/2) (Thr202/Tyr204), phosphor-
p38 MAPK (Thr180/Tyr182), phospho-(Ser) PKC substrate, phospho-Akt substrate (RXXS/T) or 
phospho-PKA Substrate (RRXS/T) polyclonal rabbit antibodies or monoclonal rabbit phospho- 
cAMP regulatory element binding protein (CREB) (ser133) and total CREB (Cell Signaling 
Technology, Beverly, MA). All antibodies were diluted 1:1000 in 5% BSA in TTBS. Blots were 
incubated for 1 h at room temperature with anti-rabbit horseradish peroxidase (HRP)-labeled 
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secondary antibody (Bio-rad; 1:3300 dilutions in 5% skim milk in TTBS). Protein bands were 
detected with ECL Plus chemiluminescence (GE Health Care, Baie d’Urfe, QC) and imaged using 
either the Typhoon 9400 (Amersham Biosciences) or the Pharos FX Molecular Imager (Bio-rad). 
Total lane protein band intensity was quantified using AlphaImager HP (Alpha Innotech, CA) and 
values were normalized to a standard trout liver sample run on each blot for inter-blot comparisons. 
Each immunoblot was subsequently probed with Cy3™ conjugated monoclonal mouse β-actin 
antibody (Sigma, Cy3™ conjugated monoclonal mouse; 1:1000) for 1 h at room temperature. 
Densitometric values were then normalized to β-actin to control for protein loading differences 
between samples.  
4.2.5 Statistical analysis  
A two-way repeated analysis of variance was used to compare time and treatment effects. A least 
significant differences (LSD) post hoc test was used to determine within factor effects. Statistics were 
performed either on raw or log transformed data (when necessary to meet normality and equal 
variance assumptions). A probability level of p < 0.05 was considered significant. All statistical 
analyses were performed using SigmaPlot 11 software (Systat Software Inc., San Jose, CA, USA).  
4.3 Results 
4.3.1 cAMP levels 
Cortisol rapidly and transiently altered cAMP levels in trout hepatocytes (Fig. 4-1A). Stress levels of 
cortisol rapidly (5 min) induced cAMP levels, which returned to control values within 15 min. High 
cortisol levels (1000 ng.ml
-1
) also rapidly increased cAMP values within 5 min of treatment, which 
was followed by a significant inhibition at 15 min. To address whether cortisol-induced cAMP 
regulation is receptor mediated, suspended hepatocytes were also treated with mifepristone (RU486 - 
GR antagonist; Fig.4-1B). Mifepristone by itself and when treated with cortisol increased cAMP 
production at 1 and 5 min (31 and 35 min, respectively, after mifepristone addition), but had no effect 





Figure 4-1. Rapid effect of cortisol on cAMP accumulation in trout hepatocytes. 
 (A) The dose and time response of cAMP levels in response to cortisol treatment (100 and 1000 
ng/ml) and (B) Mifepristone (1000 ng/ml) alone and in combination with cortisol treatment (1000 
ng/ml). Values are plotted as % cortisol and show mean ± S.E.M (n = 4 independent fish); bars with 
























































4.3.2 Phosphorylation by PKA, PKC and AKT 
Transient cortisol induction of cAMP accumulation was accompanied by a rapid increase in the 
phosphorylation status of PKA substrate proteins in trout liver slices, which was dose and time-
dependent (Fig. 4-2A). Specifically, treatment with stress levels of cortisol (100 and 1000 ng/ml) 
resulted in a rapid and transient rise in phosphorylated PKA substrate proteins by approximately two- 
and three-fold, respectively. A similar transient rise in phosphorylation within 10 min of cortisol 
treatment was also observed in trout hepatocytes (Fig. 4-2A inset), although the magnitude of the 
response was blunted compared to the effect in liver tissue. In hepatocytes, activation of CREB, a key 
substrate for PKA, was phosphorylated 10 min after cortisol treatment, particularly in response to 
high levels of cortisol, which was maintained even at 30 min post-exposure (Fig. 4-3A). Treatment 
with mifepristone had no effect on CREB activation, and successfully blocked cortisol-mediated 
activation (Fig. 4-3A and B).  
Cortisol significantly increased PKC substrate protein phosphorylation levels in both liver 
slices (Fig.4-4) and hepatocytes (Fig.4-4 inset). However the effect was transient in trout hepatocytes 
(only occurred 10 min after steroid treatment), while it was prolonged (significant at 10 and 30 min) 
in liver slices. In slices and cultured hepatocytes, both concentrations of cortisol significantly 
increased PKC substrate protein phosphorylation.  
A rapid increase in AKT substrate protein phosphorylation was also detected in response to 
cortisol treatment (100 and 1000 ng/ml); however, this effect was only significant in trout hepatocytes 





Figure 4-2. Rapid effect of cortisol on phosphorylation status of protein kinase A (PKA) 
substrate proteins. 
Rapid effect of cortisol on phosphorylation status of protein kinase A (PKA) substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of PKA 
substrate protein phosphorylation in rainbow trout liver slices and hepatocyte culture (inset, modified 
from Dindia et al., 2012) following cortisol (100 and 1000 ng/ml) treatment. Liver samples (40 µg of 
protein) were probed with phospho-PKA Substrate (RRXS/T) polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated within the 
phosphorylation motif for PKA. Protein loading was controlled for by normalizing to β-actin 
(monoclonal mouse antibody; Sigma, St. Louis, MO). Densitometry values were obtained by 
quantifying the total phosphorylation intensity of each lane (region shown). Values are plotted as % 
control and show mean ± S.E.M (n = 5 independent fish); bars with different symbols are 
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Figure 4-3. Rapid activation of CREB in response to cortisol treatment. 
Histogram and corresponding representative immunoblot of the time and dose response of CREB 
activation in rainbow trout primary hepatocytes following treatment with (A) cortisol (100 and 1000 
ng/ml) (B) mifepristone (RU486; 1000 ng/ml), mifepristone in combination with cortisol treatment 
(1000 ng/ml). Cell lysates (40 µg of protein) were probed with phospho-CREB (ser133) or total 
CREB monoclonal rabbit antibody (Cell Signaling Technology, Beverly, MA). Protein loading was 
controlled for by normalizing to β-actin (monoclonal mouse antibody; Sigma, St. Louis, MO). Values 
plotted are the ratio of the phosphorylated to total CREB densitometric values.  Values are plotted as 
% control and show mean ± S.E.M (n = 5 independent fish); *indicates treatment is significantly 



























































































Figure 4-4. Phosphorylation status of protein kinase C (PKC) substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of PKC 
substrate protein phosphorylation in rainbow trout liver slices and hepatocyte culture (inset, modified 
from Dindia et al., 2012) following cortisol (100 and 1000 ng/ml) treatment. Liver samples (40 µg of 
protein) were probed with phospho-(Ser) PKC substrate polyclonal rabbit antibody (Cell Signaling 
Technology, Beverly, MA), which detects proteins which are phosphorylated within the 
phosphorylation motif for PKC. Protein loading was controlled for by normalizing to β-actin 
(monoclonal mouse antibody; Sigma, St. Louis, MO). Densitometry values were obtained by 
quantifying the total phosphorylation intensity of each lane (region shown). Values are plotted as % 
control and show mean ± S.E.M (n = 5 independent fish); inset indicates significant treatment effect 
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Figure 4-5. Phosphorylation status of AKT substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of AKT 
substrate protein phosphorylation in rainbow trout liver slices and hepatocyte culture (inset, modified 
from Dindia et al., 2012) following cortisol (100 and 1000 ng/ml) treatment. Liver samples (40 µg of 
protein) were probed with phospho-Akt substrate (RXXS/T) polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated within the AKT 
phosphorylation motif. Protein loading was controlled for by normalizing to β-actin (monoclonal 
mouse antibody; Sigma, St. Louis, MO).  Densitometry values were obtained by quantifying the total 
phosphorylation intensity of each lane (region shown). Values are plotted as % control and show 
mean ± S.E.M (n = 5 independent fish); bars with different symbols are significantly different within 
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4.3.3 P38 MAPK and ERK (1/2) phosphorylation 
Overall, cortisol treatment resulted in a rapid dephosphorylation of p38 MAPK in tissue slices (Fig. 
4-6A and B) and decreased phosphorylation levels in cultured cells (P < 0.07 Fig.4-6C) within 30 



































Figure 4-6. Regulation of p38 mitogen-activated protein kinase (MAPK) phosphorylation in 
trout liver slices and hepatocyte culture in response to cortisol. 
Histogram and corresponding representative immunoblot of the time and dose response of p38 
MAPK phosphorylation following treatment with cortisol (100 and 1000 ng/ml) in liver slices (A) or 
primary hepatocytes (B). Liver slices or hepatocytes cell homogenates (40 µg protein) were probed 
with phospho-specific p38 MAPK monoclonal rabbit antibody (Cell Signaling Technology, Beverly, 
MA). Protein loading was controlled for by normalizing to β-actin (monoclonal mouse antibody; 
Sigma, St. Louis, MO).  Densitometric values are plotted as % control and show mean ± S.E.M (n = 5 
independent fish); bars with different symbols are significantly different within the time point 



































































































Figure 4-7. ERK (1/2) mitogen-activated protein kinase (MAPK) phosphorylation in trout liver 
slices and hepatocyte culture in response to cortisol. 
 (A) Histogram and corresponding representative immunoblot of the time and dose response of ERK 
(1/2) MAPK phosphorylation following treatment with cortisol (100 and 1000 ng/ml) in rainbow 
trout liver slices (A) or primary hepatocytes (B). Liver slices or hepatocytes cell homogenates (40 µg 
protein) were probed with phospho-specific ERK(1/2) MAPK monoclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA). Protein loading was controlled for by normalizing to β-actin 
(monoclonal mouse antibody; Sigma, St. Louis, MO).  Densitometric values are plotted as % control 
and show mean ± S.E.M (n = 5 independent fish); bars with different symbols are significantly 












































































































4.3.4 Benzyl alcohol rapidly activates multiple signaling pathways in liver 
Benzyl alcohol, a known chemical fluidizer of cellular membranes, was used to investigate whether 
the above signaling pathways are responsive to plasma membrane perturbations, such as fluidization.  
Similar to cortisol, benzyl alcohol rapidly (10 min) stimulated cAMP production (Fig. 4-8A), and 
resulted in an increase in PKA substrate phosphorylation (Fig. 4-8B), including CREB activation 
(Fig. 4-8C). The effect on PKA substrate proteins occurred within 10 min and returned to control 
levels within 30 min (Fig. 4-8B), while CREB was activated at 10 and 30 min post-treatment (Fig. 4-
8C). Benzyl alcohol also rapidly and transiently increased PKC (Fig. 4-9) and AKT (Fig. 4-10) 
substrate protein phosphorylation, however the effect on AKT proteins was only significant in trout 
hepatocytes (Fig. 10 inset). Lastly, in trout hepatocytes (Fig. 4-11A) but not in liver slices (Fig. 4-
11B), benzyl alcohol strongly induced p38 MAPK phosphorylation, which was sustained 30 min 
post-treatment. In contrast, benzyl alcohol caused a dephosphorylation of ERK (1/2) in liver slices 


















Figure 4-8. The effect of benzyl alcohol on cAMP-PKA-CREB signaling in rainbow trout liver. 
(A) cAMP levels 10 min after benzyl alcohol (25 mM) treatment in cultured primary hepatocytes. 
Values are plotted as % cortisol and show mean ± S.E.M (n = 6 independent fish). (B) Histogram and 
corresponding representative immunoblot for the time and dose response of protein kinase A (PKA) 
substrate protein phosphorylation in rainbow trout liver slices and primary hepatocyte culture (inset, 
modified from Dindia et al., 2012) in response to benzyl alcohol (25 mM) treatment. Liver slice or 
hepatocyte homogenates (40 µg of protein) were probed with phospho-PKA Substrate (RRXS/T) 
polyclonal rabbit antibody (Cell Signaling Technology, Beverly, MA). Densitometric values were 
obtained by quantifying the total phosphorylation intensity of each lane (region shown). Values are 
plotted as % control and show mean ± S.E.M (n = 5 independent fish); bars with different symbols 
are significantly different (repeated measures ANOVA, p < 0.05). (C) Time and dose response of 
CREB activation following benzyl alcohol (25 mM) treatment. Primary hepatocyte homogenates (40 
µg of protein) were probed with phosphor-CREB (ser133) or total CREB monoclonal rabbit antibody 
(Cell Signaling Technology, Beverly, MA). Values plotted are the ratio of phosphorylated to total 
CREB which are plotted as % control and show mean ± S.E.M (n = 5 independent fish); inset 
indicates a significant treatment effect (repeated measures ANOVA, p < 0.05). Protein loading was 
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Figure 4-9. Benzyl alcohol-induced phosphorylation of protein kinase C (PKC) substrate 
proteins. 
 (A) Histogram and corresponding representative immunoblot of the time and dose response of PKC 
substrate protein phosphorylation in rainbow trout liver slices and hepatocyte culture (inset, modified 
from Dindia et al., 2012) following benzyl alcohol treatment (25 mM). Liver homogenates (40 µg of 
protein) were probed with phospho-(Ser) PKC substrate polyclonal rabbit antibody (Cell Signaling 
Technology, Beverly, MA), which detects proteins which are phosphorylated within the 
phosphorylation motif for PKC. Protein loading was controlled for by normalizing to β-actin 
(monoclonal mouse antibody; Sigma, St. Louis, MO). Densitometric values were obtained by 
quantifying the total phosphorylation intensity of each lane (region shown). Values are plotted as % 
control and show mean ± S.E.M (n = 5 independent fish); bars with different symbols are 
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Figure 4-10. Phosphorylation of AKT substrate proteins in response to benzyl alcohol. 
 (A) Histogram and corresponding representative immunoblot of the time and dose response of AKT 
substrate protein phosphorylation in rainbow trout liver slices and hepatocyte culture (inset, modified 
from Dindia et al., 2012) following benzyl alcohol treatment (25 mM). Liver homogenates (40 µg of 
protein) were probed with phospho-Akt substrate (RXXS/T) polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated within the AKT 
phosphorylation motif. Protein loading was controlled for by normalizing to β-actin (monoclonal 
mouse antibody; Sigma, St. Louis, MO). Densitometric values were obtained by quantifying the total 
phosphorylation intensity of each lane (region shown). Values are plotted as % control and show 
mean ± S.E.M (n = 5 independent fish); bars with different symbols are significantly different within 
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Figure 4-11. Phosphorylation of p38 mitogen-activated protein kinase (MAPK) in trout liver 
slices 
Phosphorylation of p38 MAPK in liver slices (A) and hepatocyte culture (B) in response to benzyl 
alcohol (25 mM). Liver slices or hepatocytes homogenates (40 µg protein) were probed with 
phospho-specific p38 MAPK monoclonal rabbit antibody (Cell Signaling Technology, Beverly, MA). 
Protein loading was controlled for by normalizing to β-actin (monoclonal mouse antibody; Sigma, St. 
Louis, MO).  Densitometric values are plotted as % control and show mean ± S.E.M (n = 5 
independent fish); bars with different symbols are significantly different within the time point 








0 BABA 00 BA
Post-exposure (min)












































































Figure 4-12. Phosphorylation of ERK (1/2) mitogen-activated protein kinase (MAPK)  in trout 
liver slices 
Phosphorylation of ERK (1/2) MAPK in liver slices (A) and hepatocyte culture (B) in response to 
benzyl alcohol (25 mM). Liver slices or hepatocytes homogenates (40 µg protein) were probed with 
phospho-specific ERK(1/2) MAPK monoclonal rabbit antibody (Cell Signaling Technology, Beverly, 
MA). Equal loading was confirmed with β-actin (monoclonal mouse antibody; Sigma, St. Louis, 
MO). Densitometric values are plotted as % control and show mean ± S.E.M (n = 5 independent fish); 
bars with different symbols are significantly different within the time point (repeated measures 

























































































The results presented here demonstrate for the first time that cortisol rapidly activates cAMP-PKA, 
PKC, and MAPK pathways in trout hepatic tissue. Cortisol is known to elicit numerous transcription-
dependent effects in liver tissue (Rose et al., 2010), but a nongenomic role for this steroid through 
activation of intracellular signaling proteins is largely uncharacterized in vertebrates. The finding that 
cortisol modulates multiple intracellular signaling pathways, both rapidly and transiently, underscores 
a novel nongenomic mechanism of stress adaptation by this steroid in trout liver. 
While studies using non-piscine models have reported specific binding sites for 
glucocorticoid on hepatic cellular membranes, little is known about rapid intracellular effects of 
glucocorticoid in hepatocytes (Borski, 2000). Earlier studies conducted with rat hepatocytes reported 
both transient and sustained activation of glycogen phosphorylase and synthase enzymes within 
minutes of dexamethasone treatment (Gomez-Munoz et al., 1989). The glucocorticoid-induced 
activation of glycogen-metabolizing enzymes occurred independently of protein synthesis and 
appeared to be mediated via Ca
2+
 signaling (Baqué et al., 2004; Gomez-Munoz et al., 1989). Cortisol 
was also shown to rapidly alter lipid metabolism by nongenomically inhibiting key lipogenic 
enzymes in piscine liver tissue, but the mechanism is unknown (Sunny et al., 2002). Together, these 
studies support a role for nongenomic cortisol signaling in the liver, while the mechanism of action 
remains unclear. 
Our results provide clear evidence that cortisol rapidly up-regulates hepatic cAMP levels, a 
key second messenger, leading to activation of PKA substrate proteins, including CREB. As reported 
previously (Beck et al., 1993), mifepristone on its own rapidly and transiently induced cAMP 
production, and, therefore, was not a useful tool to differentiate GR-independent effects. In addition 
to altering cAMP levels, there was a corresponding increase in phosphorylated PKA substrate 
proteins in response to cortisol treatment. The rapid and transient increase in cAMP production and 
increased PKA substrate phosphorylation suggests a rapid effect of cortisol on hepatic stress response 
that is nongenomic. Indeed, rapid activation of the PKA pathway in response to cortisol is an 
important finding, as this signaling pathway is prominent in hormone-mediated hepatic glucose 
homeostasis (Ramnanan et al., 2011). Epinephrine and glucagon are key activators of hepatic PKA, 
which ultimately promotes glucose mobilization through the direct stimulation of enzymes involved 
in glycogenolysis and gluconeogenesis (Jiang and Zhang, 2003).  
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In addition to rapid phosphorylation and modulation of metabolic enzymes (Berridge et al., 
2003), activation of PKA has important genomic consequences. For instance, it is a primary activator 
of CREB, a key transcriptional regulator of various metabolic genes in the liver (Mayr and 
Montminy, 2001). Rapid, nongenomic activation of CREB has been reported in response to various 
steroids and is a key interactive point for crosstalk between nongenomic and genomic steroid 
signaling (Lösel and Wehling, 2003). The present study provides additional evidence for CREB 
mediated steroid action, as cortisol transiently induced CREB phosphorylation, indicating a role for 
PKA in nongenomic and genomic cortisol signaling. Nongenomic CREB activation has been reported 
for other steroid hormones, including mineralocorticoids (Christ et al., 1999). However, the role of 
CREB in nongenomic GC signaling has not been extensively investigated and this is the first study to 
report rapid steroid CREB activation in the liver. Moreover, a well established genomic effect of GC 
is the transactivation of the rate-limiting enzyme in gluconeogenesis, phosphoenolpyruvate 
carboxykinase (PEPCK).  Indeed, CREB is also involved in the upregulation of PEPCK transcription 
(Altarejos and Montminy, 2011), and several studies have indicated that PKA activation of CREB 
supports the hormonal regulation of PEPCK transcription by GC (Herzig et al., 2001; Imai et al., 
1993; Liu et al., 1991).  Co-operative action between GR and the cAMP-PKA pathway has been 
implicated in several GR mediated transcriptional events (Kassel and Herrlich, 2007), but has never 
been reported in fish. 
In addition to PKA, our results support a role for PKC in mediating rapid cortisol action in 
the liver. The PKC substrate protein phosphorylation in response to cortisol treatment in liver slices 
occurred within 10 min and this response was sustained over a 30 min period. PKC signaling is 
involved in the regulation of carbohydrate and lipid metabolism, although limited studies have been 
conducted in piscine models. In rainbow trout, PKC activation is a prominent regulator of the shift 
from anabolic to catabolic activity during the fasted state in several metabolic tissues, including the 
liver (Bergan et al., 2011). Rapid activation of PKC substrate proteins may not only reflect direct 
effects on liver metabolism (Samuel et al., 2010), but also indirect effects by regulating other 
signaling pathways, including MAPKs (Cote-Vélez et al., 2008; Roberts et al., 2000).  In addition 
PKC is often activated in concert with PKA, in response to diverse stimuli (Grafer et al., 2009). For 
instance, in mammalian adipocytes activation of hormone-sensitive lipase involves a synergetic 
activation of PKA and PKC-mediated MAPK activation (Duncan et al., 2007), leading to enhanced 
lipolysis. Therefore, cortisol mediated activation of both PKA and PKC pathways may synergistically 
regulate rainbow trout liver metabolism during stress adaptation. In addition to PKA and MAPK, in 
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teleost PKC also interacts with heat shock proteins to regulate cytochrome P450 (CYP450), which 
involved in the oxidation of metabolites and xenobiotics (Ghosh and Ray, 2012). Moreover, GR is a 
known regulator of CYP450 protein family (Aluru and Vijayan, 2007), leading to the possibility that 
PKC and GR activation in response to cortisol may co-regulate CYP450 in trout hepatocytes.  
Cortisol, in addition to modulating PKA and PKC substrate phosphorylation, also rapidly 
reduced p38 MAPK phosphorylation levels in trout hepatocytes. Previous studies have reported GC-
mediated nongenomic MAPK regulation, while this is the first report in liver tissue. MAPK 
nongenomic regulation by GC has been well documented in PC12 cells, a rat adrenal medulla cell 
line, although a functional role is still being investigated. Specifically, corticosterone rapidly 
phosphorylates p38 and ERK (1/2) MAPK in PC12 cells in a dose-dependent manner, which is PKC-
dependent and independent of the intracellular GR activation (Qi et al., 2005). In addition to 
nongenomic effects, the activation of MAPK by GC may lead to genomic signaling (Ayroldi et al., 
2012). For instance, in mammalian species, the anti-inflammatory actions of GC involve rapid 
induction of MAPK phosphatase-1 (MKP-1) synthesis, which is a dual-specific phosphatase 
responsible for the dephosphorylation MAPKs (Kassel et al., 2001). However, the induction of MKP-
1 protein synthesis by cortisol was observed under an hour in a rat mast cell line (Kassel et al., 2001), 
and unlikely to be the cause for the steroid-mediated dephosphorylation of p38 detected in the present 
study, as this effect occurred within 10 min of steroid treatment. Lastly, cortisol-mediated p38 
inactivation reported in this study might facilitate mRNA destabilization induced by cortisol, as p38 
MAPK is involved in stabilizing mRNA transcripts (Clark et al., 2003). Although the exact function 
of rapid p38 MAPK inactivation in rainbow trout liver awaits further investigation, the rapid action of 
cortisol on MAPK signaling suggests a the metabolic response of the liver during stress adaptation 
involves a cross-talk between these two stress activated pathways. 
We demonstrate for the first time that cortisol increased the phosphorylation status of AKT 
substrate protein in cultured hepatocytes. Within the liver, the PI3K-Akt pathway is a well defined 
component of the insulin pathway, which mediates anabolic metabolism within the liver (Taniguchi et 
al., 2006). Since cortisol’s action is mainly catabolic it remains to be determined whether Akt plays a 
role in the metabolic response mediated by cortisol. Activation of Akt in response to insulin acts as a 
negative feedback circuit by down regulating the expression of insulin receptor (Puig and Tjian, 
2005), therefore Akt activation by cortisol may modulate hepatocyte responsiveness to other 
hormonal stimulation during acute cortisol elevation. In the liver, acute cortisol activation of Akt 
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signaling may also promote cell survival, as Akt signaling is involved in cell survival by inhibiting 
apoptosis (Song et al., 2007).  Support for this argument comes from the cardiovascular system, as 
glucocorticoids nongenomically activate the PI3K/AKT kinase pathway, leading to cellular protective 
effects (Liao, 2004). In human lung epithelial cells, glucocorticoids rapidly activate Akt leading to 
increased phosphorylation of downstream targets (Matthews et al., 2008). Disruption of 
glucocorticoid Akt activation resulted in growth inhibition, supporting a cell survival effect of 
dexamethasone-induced Akt pathway activation (Matthews et al., 2008). Similarly in human 
fibroblasts, dexamethasone mediates anti-apoptotic effect by activating the PI3K-Akt pathway 
(Nieuwenhuis et al., 2010). Lastly, long-term glucocorticoid exposure is associated with growth 
inhibition and increased apoptosis, and more importantly is ameliorated by increased Akt signaling 
(Poulsen et al., 2011). Therefore, while other studies have suggest chronic cortisol elevation leads to 
Akt inactivation (Poulsen et al., 2011), our results suggest that acute cortisol elevation rapidly 
activates Akt signaling. We propose that this may modulate hepatocyte responsiveness to other 
hormones and provide cellular stress protection and survival.   
 In addition to receptor-mediated mechanism, GC can potentially modulate intracellular 
pathways via mechanotransduction as cortisol integration into the lipid bilayer induces functional 
biophysical changes to the plasma membrane (Dindia et al., 2012). Since plasma membrane 
perturbation is known to induce several intracellular signaling pathways (Huang et al., 2004), we 
examined the effects of benzyl alcohol, which has well documented effects on the plasma membrane 
biophysical architecture and is commonly used to determine functional effects of membrane 
hyperfluidization  (Vigh et al., 1998). Moreover, benzyl alcohol (20-50 mM) has previously been 
used to study fluidization effect of liver Golgi (Mitranic et al., 1982), mitochondrial (Kolodziej and 
Zammit, 1990) and plasma membrane enzyme activity(Gordon et al., 1980),  including rainbow trout 
liver (McKinley and Hazel, 2000). The concentration of benzyl alcohol used in the current study (25 
mM) is comparable to those used in the above studies, which ranged from 10-50 mM, with effects 
most commonly reported between 20-40 mM. In the present study, benzyl alcohol induced 
phosphorylation of PKA and PKC substrate proteins; however, unlike cortisol, benzyl alcohol 
strongly induced phosphorylation of p38 MAPK. Although not tested in this study, the divergent 
effects of benzyl alcohol and cortisol on p38 MAPK activity may be linked to their differential effects 
on the cellular heat shock response. For instance, although not confirmed in teleost, p38 MAPK is 
responsive to activators of the heat shock response in lower vertebrates (Aggeli et al., 2002).  
Moreover, previous studies have shown that fluidization induced by benzyl alcohol (30 mM), 
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independently of protein denaturation, activates the heat shock response in mammalian cells (Balogh 
et al., 2005), whereas cortisol has been shown to attenuate the heat shock response in teleost (Basu et 
al., 2001; Iwama et al., 1999; Sathiyaa et al., 2001).  Therefore it will be interesting to conduct future 
studies to determine whether benzyl alcohol induces the heat shock response in trout liver and 
whether p38 MAPK is implicated in the teleost response to thermal stress.  Benzyl alcohol-induced 
hyperfluidization of liver plasma membrane induces intracellular signaling cascades in trout liver, 
suggesting that teleost stress-activated signaling cascades are sensitive to perturbation in lipid order. 
Although we cannot directly compare the effects of cortisol and benzyl alcohol, both of which 
fluidize trout membranes, it does support the idea that membrane alterations induced by cortisol may 
at least partially mediate nongenomic effects in trout liver. It is important to emphasize that in 
addition to membrane-mediated effects there is strong evidence that nongenomic GC action is 
initiated by membrane and intracellular GRs (Borski, 2000), therefore it is also possible that the 
cellular responses to cortisol reported here are partly receptor-mediated. In fact, mifepristone, a GR 
antagonist, blocked cortisol-mediated CREB activation suggesting involvement of the classical GR 
activation in this nongenomic response, but the mechanism is unknown. 
 In conclusion, cortisol rapidly and nongenomically activates cAMP-PKA, PKC and p38 
MAPK pathways in liver. Moreover, this is the first study to report cortisol-mediated nongenomic 
signaling in the liver and supports the emerging view that these rapid glucocorticoid actions may 
involve complex signaling networks with multiple interactions. The results presented not only reveals 
a possible novel direct mechanism of rapid cortisol-mediated effect on hepatic function that is 
nongenomic, but also highlight the possibility of indirect effect by modulation of transcription factors 
and the associated regulation of genomic signaling. Importantly, now that a rapid cellular response to 
cortisol has been established in trout hepatocytes, future studies can focus on elucidating the 
physiological implications of this response on cell function during stress.  
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Chapter 5: Cortisol acutely alters liver metabolite levels possibly 
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5.1 Introduction  
During both basal and stress-activated states, the liver is a vital organ for whole-body energy 
homeostasis as it is a primary regulator of carbohydrate, lipid and protein metabolism (Orman et al., 
2011). Among other hormones, Glucocorticoids (GC) are well known for their regulatory roles on 
metabolic processes, particularly within the liver (Vegiopoulos and Herzig, 2007).  GC also mediates 
both genomic and nongenomic effects, while the involvement of non-transcriptional GC effects in 
peripheral tissues, including the liver, remain poorly characterized in all vertebrate species (Borski, 
2000). In rainbow trout (Oncorhynchus mykiss)  liver, stress levels of cortisol rapidly modulate 
phosphorylation of protein kinase A (PKA), protein kinase C (PKC), and AKT substrate proteins in 
vitro (Dindia et al., 2012). Furthermore, as mentioned previously (Chapter 2), endogenous plasma 
cortisol levels positively correlate with phosphorylation of PKA and PKC substrate proteins in vivo, 
strongly suggesting a role for nongenomic cortisol signaling in liver. Although cortisol rapidly 
activates important signaling cascades in the liver, a role for nongenomic signaling in altering liver 
metabolism in teleosts is unknown.  
The cortisol-mediated metabolic regulation in the liver has been examined in mammalian 
(McMahon et al., 2009) and teleost species. It is well accepted that GC play a pivotal role in 
carbohydrate metabolism, primarily through the activation of gluconeogenesis (Vijayan et al., 1994a). 
The rate-limiting enzyme in the gluconeogenic pathway is phosphoenolpyruvate carboxykinase 
(PEPCK), which is upregulated in response to GC in various species, including rainbow trout 
(Vijayan et al., 2003). In addition to genomic effects on carbohydrate metabolism, there is emerging 
evidence that GC nongenomically regulate carbohydrate substrate availability. For instance, in rat 
hepatocyte, dexamethasone activated glycogen phosphorylase (GP) within 10 min, independent of 
protein synthesis (Gomez-Munoz et al., 1989). GC are also potent regulators of protein and lipid 
metabolism. In the liver, glucocorticoids are known to induce transcription of enzymes involved in 
amino acid metabolism, such as glutamine synthetase (Abcouwer et al., 1995; McDonald et al., 
2009), tyrosine aminotransferase (Schmid et al., 1987) and arginase (Vijayan et al., 1996). Overall, 
GC are characterized as being lipolytic, but can also induce lipogenesis as well as suppress lipogenic 
enzyme activity (Peckett et al., 2011). In teleosts, cortisol activates hepatic triacylglycerol lipase, 
leading to a decrease in triacylglycerol and phospholipid levels (Lidman et al., 1979). More recently, 
cortisol was shown to nongenomically decrease malic enzyme, glucose-6-phosphate dehydrogenase 
and isocitrate dehydrogenase activity in the liver of Oreochromis mossambicus (Sunny et al., 2002).  
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 We have recently reported that cortisol nongenomically activates key protein kinase 
pathways, including protein kinase A (PKA), protein kinase C (PKC) and AKT, in rainbow trout 
(Dindia et al., 2012). However, whether cortisol nongenomically alters metabolic endpoints in trout 
liver is unknown. We tested the hypothesis that cortisol exerts effects on liver metabolism 
independently of protein synthesis by examining the liver metabolite profile, using nuclear magnetic 
resonance approach, response to cortisol treatment in the presence of either cycloheximide, a protein 
synthesis inhibitor, or mifepristone, a GR antagonist.  
5.2 Material and Methods 
5.2.1 Animals & sampling 
Juvenile rainbow trout (100-300 g) purchased from Alma Aquaculture Research Station (Alma, 
Ontario) were maintained at the University of Waterloo aquatic facility exactly as described before 
(Sandhu and Vijayan, 2011). The tanks were supplied with a constant flow of aerated well water (12 
± 2°C) and were maintained under a 12hL:12hD photoperiod. Trout were acclimated for at least two 
weeks prior to experiments and were fed commercial trout feed (Martin Mills, Elmira, Ontario) to 
satiety once daily, 5 days a week. Experiments were approved by the University of Waterloo Animal 
Care Protocol Review Committee and adhere to guidelines established by the Canadian Council on 
Animal Care for the use of animals in teaching and research. 
5.2.2 Liver tissue culture 
Trout liver slices were  used to investigate the effect of cortisol on liver intermediary enzyme activity 
and metabolites levels. Rainbow trout were sampled as mentioned above. Livers were quickly excised 
and washed in ice cold modified Hanks buffer (110 mM NaCl, 3 mM KCl, 1.25 mM K2HPO4, 5 mM 
NaHCO3, 0.6 mM MgSO4, 1 mM MgCl2 and 10 mM Hepes; 1.5 mM CaCl2, 5 mM glucose; pH 7.63 
at room temperature). Livers were then sliced into small pieces (500 µm maximum width), using a 
Krumdieck MD-1100 tissue slicer (Munford, USA). The slices were washed three times with 
modified Hank’s buffer and were placed in six-well tissue culture plates (approximately 50 mg of 
tissue/well) with L15 media. Liver slices were maintained at 13°C with gentle rocking. Media was 
changed after an hour after slicing and tissue was incubated for an additional hour prior to treatment. 
Liver slices were then exposed to either hydrocortisone (cortisol; 0, 100, or 1000 ng/ml) alone or 
cortisol (1000 ng/ml) was added in the presence of cycloheximide or Mifepristone (RU486). 
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Cycloheximide (10 µg/µl) and RU486 (1000 ng/ml) were added 60 min, prior to cortisol treatment.  
Slices were washed twice in ice cold modified Hank’s buffer and frozen at -70°C for later 
determination of enzyme activities and metabolite levels. Liver slice incubation media was collected 
30 and 120 min after cortisol addition and immediately frozen at -70°C for determination of media 
glucose and lactate levels.  
5.2.3 Enzyme and Metabolite Analysis 





0.5 mM EDTA-Na, 0.2% BSA, 5 mM β-mercaptoethanol pH 7.5) for enzyme determination exactly 
as described previously (Vijayan et al., 2006). Liver and media lactate and glucose levels were 
measured exactly as described previously (Ings et al., 2012). Measurement of metabolites including 
free amino acids was carried out by nuclear magnetic resonance (NMR) spectroscopy exactly as 
described previously (Jordan et al., 2011). Enzyme activities were measured in 50 mM imidazole-
buffered enzyme reagent (pH 7.4) at 22 °C by continuous spectrophotometry at 340 nm using a 
microplate reader (VersaMax; Molecular Devices Corp., Palo Alto, CA, USA) using the conditions 





determined by measuring ouabain-sensitive ATPase activity as described previously (McCormick, 
1993). 
Alanine aminotransferase (AlaAT: EC 2.6.1.2): 0.12 mM NADH, 200 mM L-alanine, 
0.025 mM pyridoxal 5-phosphate, and 12 U/mL LDH; reaction started with 10.5 mM α-
ketoglutarate. 
Aspartate aminotransferase (AspAT: EC 2.6.1.1): 7 mM α-ketoglutarate, 0.025 mM pyridoxal 
5-phosphate, 0.12 mM NADH, and 8 U/mL malate dehydrogenase; reaction started with 
40 mM aspartate. 
Glucose 6-phosphate dehydrogenase (G6PDH: EC 1.1.1.49): 7 mM MgCl2, 0.4 mM NADP, 
reaction started with1 mM glucose-6-phosphate. 
Glucokinase (GK:EC 2.7.1.2): 15 mM glucose, 5 mM MgCl2, 10 mM KCl, 0.25 mM NADH, 
2.5 mM phosphoenolpyruvate (PEP), 5 U/mL lactate dehydrogenase (LDH) and 2.5 U/mL 
pyruvate kinase; reaction started with 1 mM ATP. 
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Hexokinase (HK: EC 2.7.1.1): 1 mM glucose, 5 mM MgCl2, 10 mM KCl, 0.25 mM NADH, 
2.5 mM phosphoenolpyruvate (PEP), 5 U/mL lactate dehydrogenase (LDH) and 2.5 U/mL 
pyruvate kinase; reaction started with 1 mM ATP. 
Isocitrate dehydrogenase (ICDH: EC1.1.1.42): 7 mM MgCl2, 0.4 mM NADP, reaction started 
with 0.6 mM isocitrate. 
Lactate dehydrogenase (LDH: EC 1.1.1.27): 0.12 mM NADH and reaction initiated with 1 mM 
pyruvate. 
Malate dehydrogenase (MDH: EC 1.1.1.37): 0.12 mM NADH and reaction initiated with 1 mM 
oxaloacetate. 
Malic enzyme (ME: EC 1.1.1.40): 7 mM MgCl2, 0.4 mM NADP, reaction started with1 mM 
malate. 
Pyruvate kinase (PK: EC 2.7.1.40): 3 mM KCl, 10 mM MgCl2, 0.12 mM NADH, 2.5 mM 
ADP, 20 U/mL LDH; reaction started with 2.5 mM PEP. 
5.2.4 Statistical Analysis 
For clarity purposes, all values are graphically presented as the percentage of the control (all 
treatments were paired comparisons). The error bars represent standard error of the mean (S.E.M).  A 
one-way repeated measure analysis of variance (ANOVA) was used to determine significant 
differences between experimental treatments. Statistics were performed either on raw or log 
transformed data when necessary to meet normality and equal variance assumptions. Statistics were 
performed on ranks when transformations were not effective at meeting parametric assumptions. A 
probability level of p < 0.05 was considered significant. All statistical analyses were performed using 




5.3 Results  
5.3.1 Rapid effects of cortisol on liver glucose and lactate levels  
Short-term (30 min) cortisol treatment did not significantly alter liver lactate or glucose levels (Fig. 5-
1A) and no changes were detected in the incubation media (Fig. 1B). In contrast, both lactate and 
glucose levels significantly decreased in liver slices 2 hours after cortisol treatment (100 and 1000 
ng/ml; Fig.5- 2A), however there were no significant changes to media levels (Fig. 5-2B). The 
depletion of liver lactate and glucose levels in response to cortisol was not affected by cycloheximide 
treatment (Fig. 5-2C). Liver glucose levels were also significantly lower compared to control in the 
presence of Mifepristone and cortisol treatment, while cortisol treatment did not significantly reduce 











Figure 5-1. Glucose and lactate levels in the liver and media. 
Glucose and lactate levels were measured in liver tissue (A) and media (B) 30 min after treatment 
with cortisol (100 and 1000 ng/ml; A and B). Glucose and lactate levels are plotted as percent control 


































































Figure 5-2. Liver and media glucose and lactate levels 120 min after cortisol, cycloheximide and 
RU486 treatment. 
Glucose and lactate were measured in liver tissue (A, C, D) and surrounding incubation media (B) 2 
hours following treatment with cortisol (100 and 1000 ng/ml; A and B), cycloheximide (cyclo), with 
and without cortisol (1000 ng/ml; C) or RU486, with and without cortisol (1000 ng/ml; D). Glucose 
levels are plotted as percent control for each time point, and all values represent mean ± SEM of the 
percent control values, (n = 5-6). An * indicates treatment is significantly different compared to the 




























































































































5.3.2 Rapid effects of cortisol on intermediary metabolism 
Overall short-term (30 min) cortisol treatment did not affect the activities of enzymes involve in 
intermediary metabolism (Table 5-1).  Only aspartate aminotransferase showed a tendency to increase 
(p<0.07) with cortisol (1000 ng/ml). Neither cycloheximide nor RU486 had any significant effects on 
liver enzyme activities (Table 5-1).  
 
 114 
Table 5-1. Intermediary enzyme activity in response to short-term (30 min) cortisol treatment. 
 Enzyme activity (µmoles/min/g) 
Enzyme Control 100 ng/ml 1000 ng/ml 
AspAT  71.3 ± 15.3 89.1 ± 5.0 109.7 ± 9.7*  
AlaAT  60.5 ± 9.9 49.4 ± 4.0 50.9 ± 7.1 
G6PD 183.9 ± 12.4 160.0 ± 10.9  178.9 ± 21.6 
GK 20.1 ± 2.4 20.4 ± 3.8 18.3 ± 4.3 
HK 32.9 ± 2.9 34.9 ± 4.1 33.5 ± 4.0 
IDH 87.0 ± 9.4 102.2 ± 19.7 91.9 ± 12.7 
LDH 46.5 ± 6.1 55.4 ± 6.6 50.9 ± 10.2 
MDH 42.2 ± 3.6 31.1 ± 4.6  31.0 ± 4.5  
ME 24.2 ± 3.3 22.7 ± 3.5 26.5 ± 6.9 






ATPase  12.2 ± 1.7 15.9 ± 2.5 19.5 ± 2.7 
 
* indicates treatment is different compared to control (p = 0.068, One-way repeated ANOVA). 
AspAT = aspartate aminotransferase; AlaAT = alanine aminotransferase; G6PDH = glucose-6-
phosphate dehydrogenase; GK = glucokinase; HK = Hexokinase; IDH = isocitrate dehydrogenase; 
LDH = lactate dehydrogenase; MDH = malate dehydrogenase; ME = malic enzyme; PK = pyruvate 









5.3.3 Cortisol reduces free amino acid levels in liver tissue 
In general, cortisol treatment reduced liver amino acid levels. Specifically, there was a significant 
decrease in the levels of 2-aminobutyrate, alanine, aspartate, glycine, isoleucine, sarcosine, threonine 
and valine (Fig. 5-3A) at the higher cortisol concentration (1000 ng/ml), but not at 100 ng/ml; the 
only exception was taurine and it was significantly lower at both cortisol concentrations. Cortisol 
treatment had no effect on asparagines, glutamate, glutamine, leucine methionine, phenylalanine, or 
tyrosine (Table 5-2). In general, the reduction in liver amino acid levels in response to cortisol 
treatment was unaffected by cycloheximide, with the only exceptions of 2-aminobutyrate, leucine and 
sarcosine (Fig. 5-3B). In contrast, the changes in liver amino acid levels seen with cortisol were not 











Figure 5-3. The effect of cortisol, cycloheximide and RU486 on intracellular free amino acid 
level in trout liver. 
Free amino acid concentrations were measure in liver slice homogenates following 2 h after cortisol 
(100 and 1000 ng/ml; A), cycloheximide (cyclo), with and without cortisol (1000 ng/ml; B) or 
RU486, with and without cortisol (1000 ng/ml; C) treatment. Amino acid levels are plotted as percent 
control, and all values represent mean ± SE, (n = 6). Raw values for amino acid levels are provided in 
Appendix C (Table C1). * indicates treatment is significantly different compared to the control (p < 
0.05, One-way repeated ANOVA). Ala; alanine, 2-AB; 2-aminobutyrate, Asp; aspartate, Gly; glycine, 
































































































































































Table 5-2. Amino acid levels (µM) that were not significantly modulated by cortisol treatment. 
Amino acid Control 100 ng/ml 1000 ng/ml 
Asn 1.295 ± 0.241 1.141 ± 0.289 0.828 ± 0.128 
Glu 6.092 ± 1.235 4.331 ± 0.545 3.758 ± 0.529 
Gln 2.91 ± 0.652 2.098 ± 0.455 1.648 ± 0.346 
Leu 1.539 ± 0.321 1.008 ± 0.273 0.824 ± 0.179 
Met 0.670 ± 0.142 0.497 ± 0.150 0.377 ± 0.094 
Phe 0.725 ± 0.106 0.607 ± 0.092 0.569 ± 0.085 
Tyr 1.514 ± 0.246 1.346 ± 0.332 0.978 ± 0.184 
 
* indicates treatment is significantly different compared to the control (p < 0.05, One-way repeated 
ANOVA). Asn; asparagine, Glu; glutamate, Gln; glutamine, Leu; leucine, Met; methionine, Phe; 















5.3.4 Energy substrates and intermediate metabolites are reduced in response to 
cortisol treatment 
Cortisol treatment significantly lowered intracellular levels of acetate, creatine, creatinine, and 
succinate (Fig. 5-4A). The levels of creatine, creatinine and succinate were altered only response to 
higher cortisol concentration (1000 ng/ml), whereas acetate was significantly reduced at both the low 
(100 ng/ml) and high cortisol concentrations. The cortisol-mediated effects on metabolites were not 
modified by cycloheximide treatment (Fig.5-4B). On the other hand, RU486, successfully blocked 
cortisol’s effect on acetate, creatine, and succinate but not creatinine levels in trout liver slices (Fig. 5-
4C).  
 In addition to modulating energy substrate levels, cortisol also lowered levels several other 
prominent liver metabolites, including choline, glycerophosphocholine (GPC), phosphocholine (PC), 
and xanthine (Fig.5-5A). Whereas lower cortisol levels (100 ng/ml) altered choline and PC levels, 
only the higher dose of cortisol (1000 ng/ml) reduced levels GPC and xanthine (Fig. 5-5A). Cortisol 
effect on liver choline, GPC and xanthine levels were not modified by either cycloheximide (Fig.5-





























Figure 5-4. The effect of cortisol, cycloheximide and RU486 on intracellular energy metabolites 
in trout liver. . 
Liver levels of acetone, acetate, creatine, creatinine, formate, fumarate, citrate and succinate were 
measure in liver slice homogenates following 2 h incubation with cortisol (100 and 1000 ng/ml; A), 
cycloheximide (cyclo), with and without cortisol (1000 ng/ml; B) or RU486, with and without 
cortisol (1000 ng/ml; C). Metabolite levels are plotted as percent control, and all values represent 
mean ± SEM, (n = 6). Raw values are provided in Appendix C (Table 2C).* indicates treatment is 









































































































































































































































Figure 5-5. The effect of cortisol, cycloheximide and RU486 on intracellular intermediate 
metabolites in trout liver. 
Liver levels of choline, glycerophosphocholine (GPC), phosphocholine (PC), trimethylamine N-oxide 
(TMAO) and xanthine were measure in liver slice homogenates following 2 hr incubation with 
cortisol (100 and 1000 ng/ml; A), cycloheximide (cyclo), with and without cortisol (1000 ng/ml; B) 
or RU486, with and without cortisol (1000 ng/ml; C). Metabolite levels are plotted as percent control, 
and all values represent mean ± SE, (n = 6). Raw values are provided in Appendix C (Table 2C).  * 







































































































































5.3.5 The adenylate energy charge ratio is not affected by cortisol treatment 
To evaluate whether cortisol modulates the overall energy status of the liver, levels of adenosine 
monophosphate (AMP), adenosine diphosphate (ADP) and adenosine triphosphate (ATP) were 
measured along with the adenylate energy charge ratio (Fig. 5-6). Cortisol (100 and 1000 ng/ml) had 
no effect on AMP, ADP, or ATP and subsequently did not alter the adenylate energy charge ratio 




Figure 5-6. The effect of cortisol on intracellular adenosine levels and the adenylate energy 
charge ratio. 
Levels of adenosine monophosphate (ATP), adenosine diphosphate (ADP), and adenosine 
triphosphate as well as the adenylate charge ratio ([ATP] + 0.5[ADP]/[ATP] + [ADP] + [AMP]) were 
measure in liver slice homogenates following 2 hr incubation with cortisol (100 and 1000 ng/ml). 
Adenosine levels and the energy charge ratio are plotted as percent control, and all values represent 
mean ± SE, (n = 6). Raw values are provided in Appendix C (Table 2C).  * indicates treatment is 













































Previous studies have investigated cortisol’s role in liver metabolism, but the majority of  studies 
have focused on the transcriptional regulation of metabolism (Aluru and Vijayan, 2009; Yabaluri and 
Bashyam, 2010). The important finding from this study is that cortisol rapidly regulates liver 
metabolism by nongenomic action. To our knowledge, this is the first study to examine global 
metabolite changes in response to cortisol. In general, our results reveal that cortisol depletes several 
liver metabolites, including amino acids, citric acid intermediates, as well as intracellular glucose and 
lactate levels over a 2 h period after steroid treatment. Overall, the majority of cortisol-mediated 
changes in metabolite levels occur independently of protein synthesis, underscoring a nongenomic 
role for cortisol in hepatic metabolism.  
Cortisol is known to enhance metabolic capacity of the liver, particularly by augmenting 
gluconeogenic potential (Aluru and Vijayan, 2009; Vijayan et al., 1994b) and amino acid oxidation 
(Vijayan et al., 1994b). However, the current study provides novel evidence that stress-induced 
elevation in cortisol rapidly affects tissue metabolite levels, and this response is independent of de 
novo protein synthesis. For instance, cortisol strongly reduced intracellular glucose and lactate levels 
2 h after steroid treatment and this response was insensitive to cycloheximide (protein synthesis 
inhibitor) and RU486 (GR antagonist) treatment. More importantly, glucose and lactate levels in the 
incubation media was unaltered by cortisol treatment suggesting intracellular depletion was 
associated with endogenous usage for oxidation. In rat liver, corticosterone was shown to rapidly 
stimulate glycogenolysis by rapidly activating glycogen phosphorylase (Gomez-Munoz et al., 1989). 
Although it remains to be tested whether cortisol rapidly activates glycogen phosphorylase in trout, 
enhanced glycogen breakdown may provide glucose for endogenous use by the liver. Interestingly, 
cortisol also acutely suppresses epinephrine-stimulated glucose secretion from trout liver (Chapter 6). 
Therefore, we propose a novel role for cortisol during the immediate response to acute stress, which 
involves maintaining the energy balance by stimulating glucose utilization and modulating hormone-
stimulated glucose output from the liver. This rapid cortisol response involves nongenomic signaling, 
but the mechanisms remains to be elucidated.  
In addition to carbohydrate metabolism, it is well accepted that glucocorticoids affect amino 
acid metabolism (Rose et al., 2010).  However, the effect of cortisol on liver amino acid metabolism, 
especially in teleosts, is largely uncharacterized (Mommsen et al., 1999). Within the muscle, GCs are 
associated with increased proteolysis (mainly in the muscle), increased transaminase activity, and 
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increases ammonia output due to amino acid degradation (Mommsen et al., 1999). In the current 
study, cortisol reduced the intracellular pool of amino acids in trout liver tissue, along with the lack of 
change to cycloheximide, suggesting that nongenomic cortisol signaling is involved in this enhanced 
amino acid turnover. Few studies have directly examined the effect of GC on intracellular amino acid 
levels. An earlier study showed that endogenous glucocorticoids are associated with lower 
intracellular amino acid levels in rat liver (Viru and Éller, 1976).  In fibroblasts, glucocorticoids 
inhibit amino acid production, thereby affecting the turnover of amino acids (Murota et al., 1976). 
Although the changes in intracellular amino acid pools have been attributed to GC induction of 
protein synthesis, this has not been directly assessed (Malmberg and Adams, 2008; Viru and Éller, 
1976). Our results support a rapid effect of cortisol in modulating the amino acid pool in trout liver 
and may be a key stress response that is essential for metabolically adapting the animal to stress. This 
may involve enhancement of amino acid turnover rates by nongenomic cortisol signaling, thereby 
providing oxidative substrates to meet the increased energy demand associated with acute stress.  
Amino acid degradation produces substrates which can be shuttled into the citric acid cycle to 
increase ATP production (Mommsen et al., 1999). Cortisol treatment significantly affected 
intermediates of the citric acid cycle, which included significant depletion of acetate and succinate 
levels, and this occurred in the presence of cycloheximide. In addition to these intermediate energy 
substrates, cortisol reduced liver creatine and creatinine levels, which act as an energy shuttle system 
that quickly replenishes ATP levels by the dephosphorylation of phosphocreatine (Longo et al., 
2011), further indicating that cortisol initially stimulates ATP producing pathways. In addition to 
ATP supporting pathways, several metabolites of phospholipid metabolism were also responsive to 
cortisol treatment. Some of the above effects appear to be mediated by a GR-independent pathway 
(acetone and creatinine), whereas co-treatment with the GR antagonist did abolish other metabolite 
responses (creatine, acetate, and succinate,) suggesting partial involvement of GR signaling. Most of 
the metabolite responses were not associated with changes in intermediary enzyme activities 
suggesting rapid cortisol effect on metabolite turnover in trout liver. 
The overall depletion of liver metabolites in response to cortisol treatment is possibly the 
result of energy repartitioning in order to meet increased energetic demands associated with stress 
adaptation (Sapolsky et al., 2000). In response to metabolic stress the energy status of the cell, which 
is often measured by the adenylate energy charge ratio, is strictly regulated to meet increased energy 
demands (Oakhill et al., 2011). To access the overall energy status of liver in response to cortisol 
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treatment, the intracellular levels of adenosines and the adenylate charge ratio were measured. 
Despite the large depletion of intracellular metabolites, cortisol did not alter the energy charge ratio 
and there was no change in adenosine levels. Maintenance of the adenylate pool, and more 
importantly the relative amounts of different adenosines is critical during metabolic stress (Oakhill et 
al., 2011). Therefore, cortisol-stimulated changes in intracellular metabolite levels might act to 
maintain the overall energy balance within the liver during the initial phase of the acute stress 
response. 
The biochemical adjustments mediated by stress hormones, such as cortisol, function to 
maintain homeostasis by regulating energetic pathways. Therefore, depletion of liver metabolites in 
response to cortisol might stabilize intracellular energy stores, which is supported by the unaltered 
adenylate energy charge ratio. Taken together, the results highlight that cortisol mediates acute effects 
on liver metabolism, which were largely insensitive to cycloheximide, suggesting the involvement of 
nongenomic signaling in rainbow trout. Although the mechanism is unknown, our results indicate that 
the classical GR might be involved as mifepristone inhibited some of the cortisol-mediated metabolite 
changes. Although not directly tested here, the altered metabolite pool might also be mediated by 
mGR or signaling events initiated by biophysical changes at the plasma membrane (Borski, 2000; 
Dindia et al., 2012). Overall stress adaptation is an energetic process, therefore the short-term 
metabolite changes in response to acute cortisol treatment is likely adaptive immediately following 
acute stressor exposure by enhancing endogenous metabolic turnover and substrate utilization within 
the liver in order to meet the enhanced energy demands of this important metabolic tissue. 
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Chapter 6: Rapid hepatic action of cortisol on epinephrine-
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When an animal encounters a stressor a highly complex and co-ordinated physiological response is 
mounted involving the rapid release of catecholamines from chromaffin cells, along with the 
activation hypothalamus-pituitary-adrenal axis leading to plasma cortisol elevations (Sapolsky et al., 
2000).  Since plasma GC elevation is dependent on HPA activation and de novo steroid synthesis the 
plasma GC response is delayed (several minutes) compared to the immediate sympathetic-stimulated 
release of catecholamines (within seconds to minutes). Most notably, stress hormones facilitate 
energy substrate mobilization to help meet increased energy demands during acute stress (Kyrou and 
Tsigos, 2009).  
Traditionally, the immediate catabolic actions in response to stress are attributed to 
catecholamines (primarily epinephrine), which bind to adrenergic G-protein coupled receptors 
(GPCR) linked to adenylate cyclase (AC). Studies in fish indicate the presence of both α- and β-
adrenergic receptors in hepatocytes; however, only β-adrenergic responses play a key role in stress-
mediated metabolic adjustments in teleost hepatocytes (Fabbri et al., 1998). The β-adrenoreceptor is 
coupled to stimulatory G-proteins, resulting in cyclic AMP (cAMP) accumulation through the 
activation of AC.  The spike in cAMP levels then activates cAMP-dependent protein kinase (PKA), 
which directly activates enzymes important for glycogenolysis (Reid et al., 1992). In contrast, GCs 
are considered to co-ordinate long-term or sustained effects by modulating gene transcription and 
translation, particularly those involved in gluconeogenesis (Aluru and Vijayan, 2009).  GCs regulate 
gene expression by binding to the intracellular glucocorticoid receptor (GR), a ligand-activated 
transcription factor, which binds to glucocorticoid response elements (GRE) in target genes, resulting 
in the activation or repression of gene transcription (Mommsen et al., 1999). In addition to 
transcriptional modifications, GC also elicits rapid cellular effects, termed nongenomic GC signaling 
(Borski, 2000). 
In addition to independently regulating liver function, GC and catecholamines also interact to 
modulate cellular responses to cope with stress. While most studies have focused on mammalian cell 
systems (Evinger et al., 2007; Hwang and Joh, 1993; Sakaue and Hoffman, 1991), a cross-talk 
between GC and catecholamine signaling pathways have also been reported in teleosts (Dugan and 
Moon, 1998; Perry and Reid, 1993; Reid et al., 1992; Takahashi and Iizuka, 1991), but the 
mechanisms are far from clear. Beyond the GC transcription-dependent effects on adrenergic 
signaling, there is also evidence suggesting nongenomic interplay between glucocorticoids and 
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catecholamine cellular effects.  For instance, GC enhance memory consolidation via nongenomic 
interaction with noradrenergic activation within the rat amygdala (Roozendaal et al., 2002; 
Roozendaal et al., 2006) and a similar enhancement in GC-mediated β-adrenergic signaling has also 
been reported in airway vasculature (Mendes et al., 2008).  
Although long-term cortisol exposure is known to alter adrenergic signaling in piscine liver, 
it is unknown whether cortisol acutely regulates adrenergic signaling. Considering both 
catecholamines and GC rapidly rise in response to acute stress, and cortisol is known to have rapid 
effects on liver metabolism (see Chapter 5) there is potential that nongenomic cortisol action plays an 
acute role in modulating adrenergic responses. Therefore in the present study, we tested the 
hypothesis that acute stressor-induced cortisol elevation enhances epinephrine-stimulated liver 
responses in rainbow trout. This hypothesis was tested by examining the effects of acute cortisol 
treatment on epinephrine-mediated effects on cAMP accumulation, cAMP response element binding 
protein (CREB) phosphorylation, p38 mitogen-activated protein kinase (MAPK) phosphorylation and 
glucose production in trout hepatocytes in vitro. 
6.2 Material and Methods 
6.2.1 Animals & sampling 
Juvenile rainbow trout (Oncorhynchus mykiss; 100-300 g) purchased from Alma Aquaculture 
Research Station (Alma, Ontario) were maintained at the University of Waterloo aquatic facility 
exactly as described before (Sandhu and Vijayan, 2011). The tanks were supplied with a constant 
flow of aerated well water (12 ± 2°C) and were maintained under a 12hL:12hD photoperiod. Trout 
were acclimated for at least two weeks prior to experiments and were fed commercial trout feed 
(Martin Mills, Elmira, Ontario) to satiety once daily, 5 days a week. Experiments were approved by 
the University of Waterloo Animal Care Protocol Review Committee and adhere to guidelines 
established by the Canadian Council on Animal Care for the use of animals in teaching and research. 
6.2.2 Trout hepatocyte isolation 
The rapidly signaling events associated with cortisol treatment were examined using trout hepatocytes 
either as suspended cells (Ings et al., 2011) or in primary cultures exactly as described previously 
(Sathiyaa et al., 2001). Hepatocytes were isolated using in situ collagenase perfusion and maintained 
exactly as described previously (Ings et al., 2011). Isolated hepatocytes were suspended in L-15 
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media, supplemented with antibiotic and antimycotic agents, and Trypan blue dye exclusion method 
was used to determine hepatocyte viability ( >95% cells were viable).  
6.2.3 Suspended hepatocyte experiment 
Experiments measuring cAMP levels were conducted using suspended hepatocytes as previously 
described (Ings et al., 2011). Cells were thoroughly suspended in modified Hank’s buffer (110 mM 
NaCl, 3 mM KCl, 1.25 mM K2HPO4, 5 mM NaHCO3, 0.6 mM MgSO4, 1 mM MgCl2 and 10 mM 
Hepes; 1.5 mM CaCl2) and transferred in 500 µl aliquots to 1.5 mL centrifuge tubes. Cells were 
maintained in suspension by gentle rocking at 13°C in the dark. Cells were treated with 
hydrocortisone (0, 100, or 1000 ng/ml), or benzyl alcohol (25 mM) in the presence or absence of 
epinephrine (10
-5
 M). For clarity, the order of treatment and duration is indicated on each figure in the 
results section. Each treatment was quickly terminated at the appropriate time interval with the 
addition of perchloric acid (2% final concentration). The supernatant was collected for cAMP 
measurements after immediate centrifugation at 10 000 X g for 2 min. cAMP levels were measured 
using a commercially available competitive ELISA kit exactly as outlined in the manufacturer’s 
protocol (Cayman Chemical Company, Ann Arbor, Michigan).  
6.2.4 Hepatocytes in primary culture  
Since cAMP was measured using hepatocytes, phosphorylated and total CREB was measured using 
primary cultured hepatocytes. Cultured hepatocytes, as opposed to suspended hepatocytes, were used 
to minimize basal activation of CREB in response to the collagenase-perfusion, as primary cultures 
are incubated for 24 hours prior to treatment. Hepatocytes were isolated as described above and were 
suspended in L-15 (sigma, St. Louis, MO) medium after initial washing steps and plated in six-well 
tissue culture plates (Sarstedt, Inc., Newton, NC) at a density of 1.5 million cells/well (0.75 million 
cells/ml). Primary cell culture was established over a 24 h incubation period at 13°C. The L-15 media 
was then replaced and the cells were allowed to recover for an additional 2 h before the start of 
experiments. Hepatocytes were then treated with epinephrine (10
-5
 M) followed by treatment with 
hydrocortisone (100 and 1000 ng/ml). The reaction was stopped by replacing L-15 media with 100 µl 
ice cold lysis buffer (50 mM Tris, 0.25 M sucrose, 1 % SDS, 10 mM NaF, 5 mM EDTA, 5 mM 
NEM, 0.1 % Nonidet-P40). Lysed cells were quickly heated at 95°C for 5 min followed by brief 
sonication (sonic dismembrator, Fisher Scientific).  
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6.2.5 Liver slices 
Trout liver slices were utilized to investigate the effects of cortisol on epinephrine-stimulated p38 
MAPK activity and glucose production. Liver slices were used as cultured hepatocytes typically 
produce less glucose when stimulated with epinephrine compared to fresh tissue (Weber and 
Shanghavi, 2000). Livers were prepared by quickly excising and washing the liver in ice cold 
modified Hank’s buffer (110 mM NaCl, 3 mM KCl, 1.25 mM K2HPO4, 5 mM NaHCO3, 0.6 mM 
MgSO4, 1 mM MgCl2 and 10 mM Hepes; 1.5 mM CaCl2, 5 mM glucose; pH 7.63 at room 
temperature). Livers were then sliced into 8-10 mm pieces (500 µm maximum width) using a MD-
1100 tissue slicer (Munford, USA), washed three times with modified Hank’s buffer containing 
1.5mM CaCl2 and were placed in six-well tissue culture plates (approximately 50 mg of tissue/well) 
with 2 mL of L15 media.  Liver slices were maintained at 13°C with constant rocking. Media was 
changed an hour after slicing and tissue was incubated for an additional hour prior to treatment. Liver 
slices were then exposed to either hydrocortisone (0, 10, 100, or 1000 ng/ml) or benzyl alcohol (5, 10 
or 25 mM) for 30 min and were then treated with epinephrine (10
-5
M). Treatment was stopped 10 min 
or 60 min after addition of epinephrine. Liver slices were collected 10 min following epinephrine 
treatment for p38 MAPK phosphorylation quantification. Slices were washed twice in ice cold 
modified Hank’s buffer and frozen at -70°C. Media was collected 60 min post-epinephrine treatment 
and immediately frozen at -70°C for glucose analysis at a later date. Glucose production in response 
to epinephrine is detectable after an hour, which is sufficient time for genomic activation, therefore 
when measuring glucose production cycloheximide (an inhibitor of protein synthesis) was used in 
combination with cortisol and benzyl alcohol to differentiate between genomic and nongenomic 
effects. For cycloheximide treatments 10 µg/ml was added 1 hour prior to cortisol or benzyl alcohol.  
6.2.6 Glucose Analysis 
Media glucose levels were measured by monitoring NAD reduction by the  hexokinase (HK)-glucose-
6-phosphate dehydrogenase (G6PDH) assay method in Tris buffer (120 mM Tris-base, 80 mM Tris-
HCl, 5 mM NAD, 2 mM MgS04, 5 mM ATP). The reaction was started with G6PDH (0.4 U/ml) and 
HK (0.5 U/ml). The reaction was measured at 22 °C by continuous spectrophotometry at 340 nm 




Tissue and cell lysates were homogenized and protein concentration was measured using the 
bicinchoninic acid (BCA) method using bovine serum albumin as the standard.  All samples were 
diluted in Laemmli’s sample buffer (1M tris-HCl, pH 6.8, 60 mM, glycerol 25%, SDS 2%, -
mercaptoethanol 14.4 mM, bromophenol blue 0.1%) and the immunodetection carried out exactly as 
described before (Dindia et al., 2012). Briefly, total protein (40 g) was separated on a 10% SDS-
PAGE and transferred to nitrocellulose membrane and blocked with 5% solution of non-fat dry milk 
in 1 X TTBS (2 mM Tris, 30 mM NaCl, 0.01% Tween, pH 7.5) for 1 h at room temperature. This was 
followed with an overnight incubation with phospho-p38 MAPK (Thr180/Tyr182) polyclonal rabbit 
antibodies or monoclonal rabbit phospho- cAMP regulatory element binding protein (CREB) (ser133) 
and total CREB (Cell Signaling Technology, Beverly, MA). All antibodies were diluted 1:1000 in 5% 
BSA in TTBS. Blots were incubated for 1 h at room temperature with anti-rabbit horseradish 
peroxidase (HRP)-labeled secondary antibody (Bio-rad; 1:3300 dilutions in 5% skim milk in TTBS). 
Protein bands were detected with ECL Plus chemiluminescence (GE Health Care, Baie d’Urfe, QC) 
and imaged using either the Typhoon 9400 (Amersham Biosciences) or the Pharos FX Molecular 
Imager (Bio-rad). Total lane or protein band intensity was quantified using AlphaImager HP (Alpha 
Innotech, CA). Each immunoblot was subsequently probed with Cy3™ conjugated monoclonal 
mouse β-actin antibody (Sigma, Cy3™ conjugated monoclonal mouse; 1:1000) for 1 h at room 
temperature. Densitometric values were then normalized to β-actin values to control for protein 
loading differences between samples.  
6.2.8 Statistical analysis  
For clarity, all values are presented as percentage of the control with error bars representing standard 
error of the mean of percent control values.  Therefore, where appropriate, either a repeated measure 
analysis of variance (ANOVA) or paired t-tests were used to determine significant differences 
between experimental treatments. A two-way repeated measures ANOVA was carried out to 
determine time and treatment differences, where applicable. A least significant differences (LSD) 
post hoc test was used to determine within factor effects. Statistics were performed either on raw or 
log transformed data, when necessary to meet normality and equal variance assumptions. Statistics 
were performed on ranks when transformations were not effective at meeting parametric assumptions. 
A probability level of p < 0.05 was considered significant. All statistical analyses were performed 




6.3.1 Hepatic glucose output  
To examine the possible interaction of acute stress cortisol elevation on epinephrine signaling, the 
effect of acute cortisol treatment on epinephrine-stimulated glucose output was determined (Fig. 6-1). 
As expected, epinephrine significantly increased glucose release from trout hepatocytes over a 60 min 
period (Fig. 6-1A). This response was partially suppressed (10 %) in the presence of cycloheximide (a 
translation inhibitor) (Fig. 6-1A). Cortisol treatment alone had no significant effect on hepatic glucose 
production (Fig. 6-1B). However, cortisol pre-treatment significantly reduced (50%) epinephrine-
stimulated glucose production (Fig. 6-1C). Co-treatment with cycloheximide significantly negated the 
suppressive effect of cortisol on epinephrine-stimulated glucose secretion (Fig. 6-1C). Benzyl alcohol 
was used to test whether membrane fluidization impacts adrenergic response of trout liver. Benzyl 
alcohol had a similar effect to that of cortisol, such that there was no change in glucose production in 
response to benzyl alcohol alone (Fig. 6-1D), however pre-treatment with benzyl alcohol at low (5 
mM) and high doses (25 mM) significantly reduced stimulated glucose output (Fig.  6-1D). In 
contrast to cortisol, the suppressive effect of benzyl alcohol on epinephrine-induced glucose output 
was insensitive to cycloheximide, as benzyl alcohol (25 mM) significantly reduced epinephrine-






Figure 6-1.  The effect of short-term (30 min) cortisol or benzyl alcohol treatment on glucose 
production in response to epinephrine stimulation 
 (A) Media glucose levels following epinephrine treatment (10
-5
 M) for 1 hour compared to untreated 
liver slices, with and without cycloheximide (10 µg/ml) treatment 1.5 hour before epinephrine 
treatment. (B) Media glucose levels following treatment with cortisol (10, 100 or 1000 ng/ml) for 30 
min prior to treatment with control for 60 min, with and without cycloheximide (Cyclo; 10 µg/ml) 
treatment one hour before cortisol treatment. (C) Media glucose levels following treatment with 
cortisol (10, 100 or 1000 ng/ml) for 30 min prior to treatment with epinephrine (Epi; 10
-5
 M) for 60 
min, with and without cycloheximide (Cyclo; 10 µg/ml) treatment one hour before cortisol treatment. 
(D) Media glucose levels following treatment with benzyl alcohol (5 and 25 mM) for 30 min prior to 
treatment with control media for 60 min, in the presence and absence of cycloheximide (Cyclo; 10 
µg/ml) treatment one hour before benzyl alcohol treatment. (E) Media glucose levels following 
treatment with benzyl alcohol (5 or 25 mM) for 30 min prior to treatment with epinephrine (Epi; 10
-5
 
M) for 60 min, with and without cycloheximide (Cyclo; 10 µg/ml) treatment one hour before cortisol 
treatment. All media glucose levels were normalized to tissue weight (mg). Values are plotted as % 
cortisol and show mean ± S.E.M of the percent control values (n = 6 independent fish); treatments 
with different letters are significantly different from each other (repeated measures ANOVA on ranks, 
P < 0.05). Bars with an * indicates that treatment is significantly different than control (repeated 
























































































































































































6.3.2 Second messenger - cAMP levels 
Cortisol treatment significantly reduced epinephrine-stimulated cAMP levels, compared to 
epinephrine alone (Fig. 6-2A), when treated 10 min before epinephrine exposure (Fig. 6-2B). The 
effect of cortisol on epinephrine-stimulated cAMP accumulation is rapid and transient, as cortisol 
treatment 30 min before epinephrine treatment (Fig. 6-3C) did not significantly suppress epinephrine-
stimulated cAMP accumulation (Fig. 6-3A), although cortisol alone reduced cAMP levels at this time 
point (40 min total cortisol incubation, Fig. 6-3B). Similarly, treatment with benzyl alcohol 30 min 
prior to epinephrine did not significantly modify basal or epinephrine-stimulated cAMP levels (Fig. 
6-3C and D). 
In the context of the hormonal response to acute stress, plasma epinephrine levels typically 
increase prior to an elevation in plasma cortisol levels. Therefore the ability of cortisol to rapidly 
modulate epinephrine-stimulated cAMP accumulation following epinephrine treatment (post-cortisol 
treatment) was also investigated (Fig. 6-4). In order to mimic an endogenous hormonal stress 
response, hepatocytes were initially treated with epinephrine for 10 min followed by brief cortisol 
exposure (15 min). Epinephrine significantly stimulated cAMP accumulation within 10 min (Fig. 6-
4A), which was rapidly (15 min) suppressed by post-cortisol treatment (100 and 1000 ng/ml; Fig. 6-
4B). In contrast, post-treatment with benzyl alcohol significantly amplified epinephrine-stimulated 
cAMP accumulation, by more than 2-fold (Fig. 6-4C).  Cortisol exposure (10 or 30 min) after initial 
epinephrine exposure (15 min) increased epinephrine-stimulated CREB activation (ratio of phospho-
CREB to total CREB) at 10 min post-cortisol treatment (Fig. 6-5). This effect was transient, as 
cortisol significantly suppressed epinephrine-stimulated CREB phosphorylation 30 min post-cortisol 
treatment (Fig. 6-5). This rapid and transient effect on epinephrine-stimulated CREB activation was 








Figure 6-2. Rapid effect of cortisol treatment on epinephrine-stimulated cAMP accumulation in 
trout hepatocytes.  
(A) cAMP levels in response epinephrine treatment (10
-5
 M) for 15 min compared to untreated 
hepatocytes.  (B) Hepatocytes were treated with cortisol (1000 ng/ml) either 5 or 10 min prior to 
treatment with epinephrine (10
-5
 M). Values are plotted as % cortisol and show mean ± S.E.M of the 
percent control values (n = 4 independent fish); treatments with an * indicate treatment is 
significantly different compared to the control (Paired t-test, P < 0.05), whereas treatments with 

































































































Figure 6-3. The effect of short-term (30 min) cortisol or benzyl alcohol treatment on 
epinephrine-stimulated cAMP levels in trout hepatocytes. 
 (A) cAMP levels following epinephrine treatment (10
-5
 M) for 10 min compared to untreated 
hepatocytes. Hepatocytes were treated with cortisol ( (100 or 1000 ng/ml) for 30 min prior to 
treatment with (B) control media or (C) epinephrine (10
-5
 M) or with benzyl alcohol (25 mM) for 30 
min prior to treatment with (D) control media or (E) epinephrine (10
-5
 M). Values are plotted as % 
cortisol and show mean ± S.E.M of the percent control values (n = 6 independent fish); bars with an * 
indicate treatment is significantly different compared to the control (Paired t-test, P < 0.05), whereas 
treatments with different letters are significantly different from each other (repeated measures 








































































































































































Figure 6-4. Rapid effect of cortisol on epinephrine-stimulated cAMP accumulation in trout 
hepatocytes. 
 (A) Epinephrine (10
-5
 M) stimulated cAMP accumulation compared to control treated hepatocytes 
(total treatment time was 25 min). (B) The rapid (15 min) effect of cortisol treatment (100 and 1000 
ng/ml) following epinephrine treatment (10 min) on cAMP levels. (C) The effect of short-term (15 
min) benzyl alcohol treatment following epinephrine treatment (10 min) on cAMP levels. Values are 
plotted as % cortisol and show mean ± S.E.M of the percent control values (n = 4 independent fish); 
bars with an * indicate treatment is significantly different compared to the control (Paired t-test, P < 
0.05), whereas treatments with different letters are significantly different from each other (repeated 
measures ANOVA, P < 0.05). 
 
 
























































































Figure 6-5. The effect of cortisol on epinephrine-induced CREB activation. 
 (A) Histogram and corresponding representative immunoblot of the time and dose response of the 
effect of cortisol (100 and 1000 ng/ml) on epinephrine-stimulated CREB activation in rainbow trout 
primary hepatocytes. Plated hepatocytes were initially treated with epinephrine (10
-5
 M) for 15 min, 
followed by cortisol treatment (0, 100 or 1000 ng/ml) for 10 or 30 min. Cell lysates (40 µg of protein) 
were probed with phospho-CREB (ser133) or total CREB monoclonal rabbit antibody (Cell Signaling 
Technology, Beverly, MA). Values plotted are the ratio of the phosphorylated to total CREB 
densitometric values, which were normalized to β-actin values for each protein band.  Values are 
plotted as % control and show mean ± S.E.M of the % control values (n = 3 independent fish); An * 
indicates a significant interaction of the treatment within each time point (repeated measures 



































































6.3.3 MAPK phosphorylation 
Accumulation of second messengers results in the activation of various protein effectors; therefore the 
effect of cortisol on epinephrine-stimulated p38 MAPK phosphorylation (Fig. 6-6A) was examined. 
Cortisol treatment on its own had no significant effect on p38 phosphorylation levels (40 min total 
incubation with cortisol; Fig. 6-6B), however high cortisol levels (1000 ng/ml) significantly 
suppressed epinephrine-stimulated p38 MAPK phosphorylation (Fig. 6-6C). Alone, benzyl alcohol, at 
the highest dose (25 mM), significantly increased phospho-p38 levels, whereas lower doses (5 and 10 
mM) tended (P < 0.06) to increase phosphorylation levels (Fig. 6-7A). In comparison, benzyl alcohol 






Figure 6-6. The effect of short-term (30 min) pre-cortisol treatment on epinephrine-stimulated 
phospho-p38 mitogen-activated protein kinase (MAPK) levels.  
(A) Histogram and corresponding representative immunoblot of phospho-p38 levels in liver slices 
treated with epinephrine (10
-5
 M) for 10 min. Histogram and corresponding representative 
immunoblot of phospho-p38 levels in liver slices treated with cortisol (10, 100, or 1000 ng/ml) for 30 
min and were then treated with (B) control media or (C) epinephrine (10
-5
 M) for 10 min. Liver slice 
homogenates (40 µg protein) were probed with phospho-specific p38 MAPK monoclonal rabbit 
antibody (Cell Signaling Technology, Beverly, MA). Phospho-p38 MAPK densitometric values were 
normalized to β-actin (monoclonal mouse antibody; Sigma, St. Louis, MO) and are plotted as % 
control and show mean ± S.E.M of percent control values (n = 5 independent fish). Treatments with 
















































































































































Figure 6-7. The effect of short-term pre-treatment with benzyl alcohol on epinephrine-
stimulated phospho-p38 mitogen-activated protein kinase (MAPK) levels in trout liver slices. 
 (A) Histogram and corresponding representative immunoblot of phospho-p38 levels in liver slices 
treated with epinephrine (10
-5
 M) for 10 min. Histogram and corresponding representative 
immunoblot of phospho-p38 levels in liver slices treated with benzyl alcohol (5, 10 or 25 mM) for 30 
min and were then treated with (B) control media or (C) epinephrine (10
-5
 M) for 10 min. Liver slice 
homogenates (40 µg protein) were probed with phospho-specific p38 MAPK monoclonal rabbit 
antibody (Cell Signaling Technology, Beverly, MA). Phospho-p38 MAPK densitometric values were 
normalized to β-actin (monoclonal mouse antibody; Sigma, St. Louis, MO) and are plotted as % 
control and show mean ± S.E.M of percent control values (n = 5 independent fish). Treatments with 
different letters are significantly different compared to the control (repeated measures ANOVA, p < 
0.05). Bars with an * indicates that treatment is significantly different than control (repeated measures 
ANOVA, P < 0.06). 
Benzyl Alcohol (mM)




































































































This is the first study to characterize the rapid effects of stressor-induced cortisol levels on adrenergic 
responses in the liver. Importantly, this study demonstrates that cortisol rapidly suppresses 
epinephrine-induced glucose production in trout liver and this corresponded with alteration in 
signaling pathways, including reduced cAMP accumulation and modulation of CREB and p38 
MAPK phosphorylation. The cortisol-mediated suppression of epinephrine-stimulated hepatic glucose 
production may involve genomic changes as cycloheximide negated some of these effects.  
This is the first study to report rapid effect of cortisol on epinephrine-stimulated pathways in 
liver of any animal model. Notably, short-term cortisol treatment significantly reduced epinephrine-
stimulated glucose production. This is in contrast to chronic cortisol elevations (i.e. several days), 
which in teleost hepatocytes enhances epinephrine-stimulated glucose production (Dugan and Moon, 
1998; Reid et al., 1992; Takahashi and Iizuka, 1991) and epinephrine-simulated glycogen breakdown 
(Vijayan et al., 1993). Therefore, during the initial phase of the acute stress response, cortisol appears 
to suppress epinephrine-mediate glucose output, whereas chronic cortisol elevations enhance the 
hepatic adrenergic response (Vijayan et al., 1993). The initial attenuation of epinephrine-induced 
glucose production may prevent excessive glucose secretion and instead favour internal glucose 
utilization to support enhanced liver energy demand to cope with stress.  In fact, cortisol acutely (2 h) 
depletes intracellular liver glucose levels without enhancing glucose secretion into the media in trout 
hepatocytes, supporting enhanced glucose metabolism within the liver (Chapter 4).  
Suppression of epinephrine-induced glucose production might be the result of altered cAMP-
CREB signaling, as cortisol rapidly inhibited cAMP accumulation and CREB phosphorylation in 
response to epinephrine in trout liver. Moreover, cortisol treatment rapidly reduced cAMP 
accumulation both prior to and following epinephrine treatment. There was a stronger inhibition when 
cortisol exposure occurred after epinephrine treatment (50 % reduction) compared to pre-treatment 
(10 min) with cortisol (30% reduction). A possible explanation is that cortisol-inhibition of 
epinephrine-induced cAMP signaling is rapid and transient, but the mechanism is currently unknown. 
It remains to be seen if β - adrenergic receptor down regulation and/or desensitization is involved in 
this rapid cortisol effect on epinephrine signaling.  
In addition to altering hormone-stimulated glucose production, suppression of the 
epinephrine-activated cAMP accumulation could have a myriad of consequences as this is a key 
signaling pathway regulating metabolic processes within the liver (Exton, 2009). Particularly, 
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accumulation of cAMP results in the activation of PKA, which regulates numerous downstream 
targets including CREB, which is a well characterized transcription factor (Jiang and Zhang, 2003). 
Since CREB is a key mediator of epinephrine-mediated genomic regulation (Terazono et al., 2003; 
Viguerie et al., 2004), cortisol modulation of CREB activation likely also has longer-term genomic 
consequences in the liver. Moreover, CREB is activated in response to numerous stimuli besides 
hormones, including cytokines (Wen et al., 2010), elevated glucose levels (Jansson et al., 2008), as 
well as hypoxia (Leonard et al., 2008; Lin et al., 2009). Therefore, it will be interesting to investigate 
whether cortisol acutely modulates CREB activation in response to other stress stimuli, thereby fine 
tuning the cellular stress response.  
Although not as well characterized as epinephrine-mediated CREB signaling, MAPK 
proteins, such as p38, are also activated in response to catecholamine treatment and have been 
implicated in glucose metabolism (Kanda and Watanabe, 2009). Consistent with this, the current 
study demonstrated that epinephrine treatment induces p38 MAPK phosphorylation in trout 
hepatocytes, and pre-treatment with cortisol attenuated this MAPK response. Although the role of p38 
MAPK in adrenergic effects have not been well characterized, p38 MAPK is an important 
transcription factor for several metabolic genes (Cao et al., 2005; Collins et al., 2006; Xiong et al., 
2007). Cortisol suppression of epinephrine-stimulated p38 MAPK phosphorylation might be 
mediated by MAPK phosphatase-1, which has been implicated in GC induced p38 dephosphorylation 
(Kassel et al., 2001), but this remains to be investigated. Nonetheless, cortisol suppression of MAPK 
activation by epinephrine further supports an overall attenuation of epinephrine signaling shortly after 
stressor exposure, likely via a nongenomic signaling mechanism.   
  Cortisol treatment alone has previously been shown to rapidly suppress cAMP levels in 
teleost species (see Chapter 3, (Borski et al., 2002). In the tilapia pituitary, cortisol rapidly suppressed 
prolactin release by reducing cAMP levels (Borski et al., 2002). Similar suppressive effects on 
epinephrine-stimulated cAMP levels have also been reported for other steroid hormones, such as 
estradiol, which reduces basal and epinephrine-stimulated cAMP accumulation in rabbit aortic tissues 
(Kishi and Numano, 1982). In contrast, aldosterone potentiates the effect of vasopressin on cAMP 
formation in the mammalian inner medullary collecting duct (Sheader et al., 2002). In rat 
hypothalamic tissue, progesterone also reduces catecholamine induction of cAMP by inhibiting the α-




The mechanism behind cortisol-mediated inhibition of epinephrine-stimulated cAMP remains 
to be determined in rainbow trout liver, but may involve alterations to the plasma membrane given 
our recent finding (Dindia et al., 2012) and also because membrane order changes affect β – 
adrenergic receptor activity (Escribá et al., 2007). To this end, we also examined the effect of the 
chemical fluidizer, benzyl alcohol, on hepatic epinephrine responses. Interestingly, benzyl alcohol 
also potently suppressed glucose output following epinephrine treatment and modified cAMP 
signaling in response to epinephrine, suggesting that adrenergic signaling in rainbow trout liver is 
sensitive to membrane order perturbations. In support of this, benzyl alcohol has previously been 
shown to modulate epinephrine-stimulated cAMP production in rainbow trout (McKinley and Hazel, 
2000) and several studies in mammal models have reported correlations between plasma membrane 
fluidity and β-adrenergic receptor activity (Hanski et al., 1979; Hirata et al., 1979; Lurie et al., 1985; 
Ma et al., 1994). Moreover, nanoscale lateral reorganization of lipid rafts induced by alterations in 
cholesterol levels profoundly regulates β-adrenergic receptor function in HEK293 cells (Pontier et al., 
2008). Therefore, cortisol-mediated fluidization and microdomain organization (Chapter 2 and 3) may 
also be playing a role in the acute inhibition of adrenergic signaling.    
In conclusion, the results from this study suggest that cortisol acutely modulates hepatic 
adrenergic signaling by altering epinephrine-stimulated glucose production. The acute effect of 
cortisol on epinephrine glucose production was accompanied by altered epinephrine-stimulated 
cAMP, CREB and p38 MAPK activity, supporting a nongenomic mediated interaction between these 
two stress hormones. In light of the findings presented in previous chapters, cortisol not only 
independently regulates hepatic signaling cascades, but also rapidly alters transduction in response to 
epinephrine, an important co-regulator of the stress response. The rapid effect of cortisol on 
adrenergic signaling further suggests an adaptive role for rapid cortisol action in regulating the 
integrated hepatic hormonal response during the initial phase of the stress response. We hypothesize a 
role for cortisol-mediated membrane perturbations as a mechanism that may be partly responsible for 
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7.1 General Conclusion 
The overall goal of this thesis was to establish the involvement of rapid, nongenomic cortisol action 
and the mechanism(s) involved in mediating the physiological responses to this steroid hormone in 
the liver using rainbow trout (Oncorhynchus mykiss) as a model species.  As a whole, the data 
presented provide novel insight into cortisol action in the liver by establishing, for the first time, that 
cortisol does stimulate rapid responses that are nongenomic in the liver in vitro, and that these effects 
likely contribute to stress adaptation, as similar effects were demonstrated in vivo. Particularly, the 
studies provide evidence for an intracellular glucocorticoid receptor-independent cortisol signaling 
pathway by establishing for the first time that: 
1. Cortisol rapidly alters functional properties of hepatic plasma membranes by reducing lipid 
order (increases lipid fluidity) and induces structural and physical microdomain changes, and 
modulates signaling pathways (Chapter 2).  
2. Stressor-induced cortisol elevation in vivo results in liver plasma membrane fluidization and 
increases membrane roughness, supporting a role for cortisol-mediated plasma membrane 
perturbation as a key mechanism in acute stress adaptation (Chapter 3). 
3. Rapid modulation of stress signaling pathways, including PKA, PKC, Akt and MAPKs, both 
in vitro (Chapter 2 and 4) and in vivo (Chapter 3) are involved in the cortisol-mediated acute 
effects on liver stress responses.  
4. Nongenomic cortisol signaling modulates oxidative substrates, including glucose and amino 
acid levels, and perturbs intermediary metabolite levels without altering the activity of key 
enzymes involved in intermediary metabolism in trout liver (Chapter 5). 
5. Rapid cortisol action alters adrenergic responses in the liver suggesting that acute stressor-
induced cortisol not only has direct genomic and nongenomic effects, but also modulates 
liver responsiveness to other hormonal stimuli (Chapter 6). 
Previously, the overriding hypothesis was that cortisol, via genomic signaling, facilitates the 
recovery from stress by enhancing glucose production through gluconeogenic pathways. While 
nongenomic cortisol signaling has been described in some detail for select mammalian systems (for 
instance, central nervous system, immune function, cardiovascular system), studies examining the 
contribution of nongenomic steroid signaling in liver metabolic adjustments to stress are for the most 
part unclear. The work presented in this thesis, for the first time, underscores a novel role for cortisol 
in mediating the immediate metabolic responses, along with catecholamine responses (Fig. 7-1). The 
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results suggest that cortisol acutely stimulates energy production through aerobic pathways, as 
cortisol significantly depleted liver glucose levels, without any changes to lactate levels, and this was 
also reflected in the tight regulation of adenylate energy charge ratio. In addition to direct effects, 
cortisol also rapidly enhances endogenous energy utilization indirectly by attenuating epinephrine-
stimulated glucose output. Taken together, cortisol has distinct acute metabolic effects in the liver, 
which functions to maintain intracellular energy (ATP) levels. This is in contrast to genomic 
(delayed) cortisol action, which primarily supports stress adaptation by enhancing glucose production, 

































Figure 7-1. Schematic diagram depicting the nongenomic cortisol action in the liver. 
Solid arrows indicate confirmed cortisol effects; whereas dotted arrows indicate possible nongenomic 
cortisol effects that still need to be established. Overall, acute cortisol exposure results in altered liver 
metabolism, principally a decrease in liver glucose and lactate levels, possibly indicating enhanced 
aerobic ATP production to help cope with initial rise in energetic demands. In addition the rapid 
action of cortisol also regulates adrenergic responses, by attenuating intracellular signaling and 
glucose output in response to epinephrine (EPI). These acute metabolic effects are potentially 
mediated through rapid signaling events, as cortisol nongenomically alters protein kinase A (PKA), 
protein kinase C (PKC), AKT and mitogen-activated protein kinase (MAPK) pathways in trout liver. 
Although the precise mechanism involved still remains to be determined, the distinct alterations to the 
plasma membrane in response to cortisol elevation may facilitate this rapid response. In addition, 
rapid cortisol action may also be initiated through a novel membrane glucocorticoid receptor (mGR), 














Although the precise mechanisms remain to be established, the studies provide evidence for 
nongenomic signaling through activation of the cAMP-PKA-CREB, PKC, and MAPK pathways as 
cortisol rapidly modulates these signaling pathways in liver tissue both in vivo and in vitro. Rapid 
activation of these signaling pathways may be mediated through membrane perturbations in response 
to cortisol-lipid interactions as hepatic signaling is responsive to chemical fluidization induced by 
benzyl alcohol. In addition to mechanotransduction through altered membrane properties, the 
classical GR signaling might play a role, as some nongenomic responses (e.g. amino acid depletion) 
were sensitive to mifepristone, a GR-antagonist. In addition to the intracellular GR, rapid cortisol 
effects might be mediated through a novel membrane-bound glucocorticoid receptor (mGR) as there 
is a 65-70 kDa plasma membrane protein which specifically binds cortisol in trout liver (Appendix 
A). The molecular weight of the cortisol-binding protein in trout liver plasma membrane corresponds 
to the mass of a putative glucocorticoid receptor partially purified in newt neuronal membranes. 
Combined, the results indicate an integrative role of cortisol in mediating the global response to acute 
stress within the liver, which involves direct enhancement of endogenous energy pools as well as 
regulating the “flight-or-fight” metabolic responses to adrenergic stimulation (Fig.7-2). Although this 
response may involve glucocorticoid receptors (either membrane or intracellular) the results also 
support a novel membrane-mediated stress adaptation response through direct perturbations to the 



















Figure 7-2. Schematic diagram representing acute cortisol action in rainbow trout liver. 
The proposed liver response to acute cortisol involving rapid and delayed cortisol effects, which 
mediate both direct (e.g. altered metabolite turnover) and indirect (e.g. alter adrenergic sensitivity) 
physiological responses that facilitate stress adaptation. Catecholamines are thought to be principally 
responsible for the physiological responses immediately following stressor exposure, whereas cortisol 
is assumed to aid in recovery through genomic effects. The results from the studies presented in this 
thesis (indicated by orange outline), indicate a new role for cortisol in the immediate response by 
enhancing intracellular energy supplies through increased glucose oxidation and reduced epinephrine-























Partial purification of a putative plasma membrane cortisol-binding 
protein 
Introduction 
The transcription-dependent effects of cortisol are mediated by either the mineralocorticoid (MR) or 
the glucocorticoid (GR) receptor, both of which belong to the nuclear receptor superfamily. The 
pathway leading to the activation these ligand-dependent transcription factor has been under intense 
investigation and is relatively well characterized. In contrast, the mechanisms leading to nongenomic 
actions of cortisol still remain elusive and poorly characterized. There are three main hypothesis for 
the initiation of rapid cortisol effects. First, cortisol is a lipophilic molecule which is able to interact 
with the phospholipids of cellular membranes. The incorporation of cortisol into the plasma 
membrane is known to alter the biophysical properties and structure of hepatic plasma membranes, 
which could activate cellular signaling pathways via mechanotransduction. In addition to 
mechanotransduction mediated steroid effects, several studies have provided evidence that rapid 
actions of cortisol are receptor-mediated. Recent reports indicate that in addition to regulating 
transcriptional events, the intracellular MR and GR are capable of eliciting rapid signaling events, 
particularly in the brain and in the immune system. Although not yet identified, there is also evidence 
for a non-classical plasma membrane glucocorticoid receptor.  
 In the liver, several studies have shown cortisol-specific binding sites. The high affinity 
binding sites have different binding characteristics compared to the intracellular GR, therefore 
suggesting a non-classical plasma membrane receptor. An attempt to identify a cortisol plasma 
membrane receptor was made using a sepharose-linked affinity chromatography column. Plasma 
membranes were detergent-solubilised and passed through the affinity column. A 63-70 kDa protein 
was specifically eluted with free cortisol from the affinity column. This is in accordance with a 
cortisol-binding protein identified in the newt neuronal membrane. The identity and sequence of this 






Materials and Methods 
Plasma membrane isolation 
Trout were sampled by quickly netting and anesthetizing with 2-phenoxyethanol (1:1000). Liver 
tissue was flash frozen in liquid nitrogen and stored at -70°C for membrane preparation later. Liver 
plasma membranes were isolated using sucrose gradient as described previously {{212 Sulakhe, S.J. 
1987}}. The membrane pellet was resuspended in TCD buffer (300 mM sucrose, 10 mM Tris-HCl, 1 
mM dithiothreitol (DDT), 0.5 mM CaCl2, 1X protease inhibitor cocktail, pH 7.5; Sigma, St. Louis, 
MO) and frozen at -70°C. All steps, including centrifugation, were carried out at 4°C.  
Plasma membrane solubilisation 
Membrane fraction obtained above was thawed immediately before and centrifuged at 20 000 x g for 
10 min to pellet plasma membranes. Pellet was resuspended to (4-5 mg protein/ml) in solubilisation 
buffer (20 mM HEPES, 1mM EGTA, 5 mM MgCl2, Roche Proteinase inhibitor cocktail, pH 7.4)  
containing either triton-x 100 (1 or 4%) or digitonin. (1 or 4%) and gently vortexed followed by brief 
sonication for 20 seconds. Membranes were place at 4°C, with gentle shaking (end-over-end) 
overnight. Following overnight incubation, membrane fraction was centrifuged at 110 000 x g for 60 
min at 4°C. Supernatant and pellet (resuspended in solubilization buffer + detergent) were collected 
and subjected to SDS-PAGE.  
SDS-PAGE  
Samples were diluted in Laemmli’s sample buffer (1M tris-HCl, pH 6.8, 60 mM, glycerol 25%, SDS 
2%, -mercaptoethanol 14.4 mM, bromophenol blue 0.1%)  and were separated on 10% SDS-PAGE 
as described by Laemmli using Bio-Rad’s (Bio-Rad, Mississauga, ON) 1D electrophoresis system. 
Gels were stained with Coomasie blue stain (1% Coomassie, 10% acetic acid, 40% methanol) or 
SYPRO Ruby (Bio-Rad, Mississauga, ON) stain as per manufactures’ instructions.  
 
Cortisol-agarose affinity column 
The free carboxyl group on the cortisol analogue, cortisol-21-hemisuccinate, was coupled to an 
amino-terminal cross-linked agarose gel (Affi-gel 102, Bio-Rad, Mississauga, On), using a 
carbodiimide coupling reagent as per manufactures’ instructions. Briefly, 50 µM of 21-cortisol 
hemisuccinate was directly added to the affi-gel 102 mixed with an equal volume of dH2O. 
Immediately after, 10 mg of the carbodiimide coupling reagent, 1-ethyl-3-(3-dimethylaminopropyl) 
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carbodiimide hydrochloride (EDC) was added. Throughout the coupling processing pH was 
continually readjusted to 4.7. Coupling proceeded overnight at 4°C, with gently shaking. After 
overnight incubation, the derivatized resin was added to a 5 ml flow-through column and was washed 
with 100 ml of 50 mM NaOAc (pH 7.4). dH2O. Prior to loading the membrane fraction, the column 
was equilibrated with 25 ml of binding buffer (A; same composition as solubilisation buffer). 
Detergent soluble and insoluble fractions (4 mg/ml; 1.5 ml total) were loaded on separate gels and 
were rocked overnight at 4°C. Flow through fraction was collected and frozen at -80°C. The unbound 
proteins were washed with 40 ml of binding buffer (protein was non-detectable after 25 ml of buffer 
A). Cortisol-bound proteins were specifically eluted from the column in 1 ml aliquots by adding 




Figure A1. Coomassie stained SDS-PAGE of detergent-solubilized and insoluble plasma 
membrane proteins. 
 (A) Isolated trout plasma membranes were initially solubilised with triton-X-100 (Triton; 1%) and 
the solubilised (supernatant; S) and insoluble (pelleted fraction; P) were run on an SDS-PAGE (20 µg 
of protein). (B) For comparison, plasma membrane were solubilised with digitonin (Dig; 1 or 4%) the 
solubilised (supernatant; S) and insoluble (pelleted fraction; P) were run on an 10 % SDS-PAGE (20 























Figure A2. Sypro Ruby stained SDS-PAGE of affinity column fractions. 
Sypro Ruby (Bio-Rad) stained SDS-PAGE of detergent-insoluble (A) and soluble (B) plasma 
membranes passed through a cortisol-linked agarose affinity column. (A) Affinity chromatography of 
detergent-insoluble plasma membrane proteins run on an 12% SDS-PAGE (1; plasma membrane 
fraction, 2; insoluble fraction, 3; initial wash; 4; fourth wash, 5-8;Eluted proteins with Buffer B in 1 
ml aliquots, numbers corresponding to increasing elution aliquots). (B) Affinity chromatography of 
detergent-soluble plasma membrane proteins run on an 12% SDS-PAGE (1; soluble fraction, 2; initial 
wash with Buffer A; 3; fourth wash with Buffer A, 4-7;Eluted proteins with 1 ml aliquots of Buffer B, 


















































Signaling pathway activation by the peptide conjugate in rainbow 
trout liver: Supplemental information for Chapter 3  
Materials and methods 
 
Peptide Synthesis 
Conjugation of cortisol to form a derivative was carried out as reported by Erlanger et al. 
(Erlanger et al., 1957). Cortisol-carboxymethyl oxime (Cortisol-CMO (4-pregnen-11b,17,21-triol-
3,20-dione3-O-carboxymethyloxime, catalog number Q3888-000) was purchased from Steraloids Inc. 
(Newport, RI).) The peptide conjugated to the CMO is a 15 amino acid sequence of the steroidogenic 
acute regulatory protein (N-terminus-SGGEVVVDQPMERLY-C-terminus; Proteomics Core 
Facility, Washington State University, Pullman, WA). The PEP is conjugated via the serine to the 
CMO using a mixed anhydride technique (Erlanger et al., 1957) using N,N-dimethylformamide 
(DMF) as solvent, tri-N-butylamine, and  isobutyl chloroformate. This conjugation procedure 
produces a product of 1:1 stoichiometry of a cortisol molecule to a single PEP sequence. The reaction 
is added to LH-20 Sephadex column to separate the cortisol-PEP, free cortisol, and free PEP. Based 
on 280 nm absorbance three peaks are derived from the separation on the column with the first peak 
as cortisol-PEP. This method of obtaining just the hormone conjugate has been confirmed for E2-PEP 
[20] using Waters QTOF-micro electrospray mass 89 spectometer with the sample introduced by 
direct infusion (Macromolecular Resources, Colorado State University, Fort Collins, CO; Arreguin-
















Figure B1. Rapid effect of cortisol and PEP-cortisol on cAMP in trout hepatocytes. 
cAMP levels in response to brief (10 min) treatment with cortisol (1000 ng/ml), membrane 
impermeable cortisol-peptide conjugate (equal molarity to 1000 ng/ml of cortisol) and peptide moiety 
(equal molarity to 1000 ng/ml of cortisol). Values are plotted as % cortisol and show mean ± S.E.M 
(n = 6 independent fish); bars with different letters are significantly different (repeated measures 





































Figure B2. Phosphorylation status of protein kinase A (PKA) substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of PKA 
substrate protein phosphorylation in rainbow trout liver slices following treatment with peptide 
moiety and cortisol-peptide conjugate (equal molarity to 1000 ng/ml cortisol). Liver samples (40 µg 
of protein) were probed with phospho-PKA Substrate (RRXS/T) polyclonal rabbit antibody (Cell 
Signaling Technology, Beverly, MA), which detects proteins that are phosphorylated within the 
phosphorylation motif for PKA. Equal loading was confirmed with β-actin (monoclonal mouse 
antibody; Sigma, St. Louis, MO). Densitometry values were obtained by quantifying the total 
phosphorylation intensity of each lane (region shown). Values are plotted as % control and show 
mean ± S.E.M (n = 5 independent fish); bars with different symbols are significantly different within 
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Figure B3. Rapid activation of CREB. 
Histogram and corresponding representative immunoblot of CREB activation in rainbow trout 
primary hepatocytes following membrane impermeable peptide moiety or impermeable cortisol-
peptide conjugate (equal molarity to 1000 ng/ml cortisol). Cell lysates (40 µg of protein) were probed 
with phospho-CREB (ser133) or total CREB monoclonal rabbit antibody (Cell Signaling Technology, 
Beverly, MA). Values plotted are the ratio of the phosphorylated to total CREB densitometric values.  
Values are plotted as % control and show mean ± S.E.M (n = 5 independent fish); Inset indicates a 
significant treatment effect and bars with different letters are significantly different (repeated 




















































Figure B4. Phosphorylation status of protein kinase C (PKC) substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of PKC 
substrate protein phosphorylation in rainbow trout liver slices following treatment with peptide 
moiety and cortisol-peptide conjugate (equal molarity to 1000 ng/ml cortisol). Liver samples were 
probed with phospho-(Ser) PKC substrate polyclonal rabbit antibody (Cell Signaling Technology, 
Beverly, MA), which detects proteins which are phosphorylated within the phosphorylation motif for 
PKC. Equal loading was confirmed with β-actin (monoclonal mouse antibody; Sigma, St. Louis, 
MO). Densitometry values were obtained by quantifying the total phosphorylation intensity of each 
lane (region shown). Values are plotted as % control and show mean ± S.E.M (n = 5 independent 
fish); bars with different symbols are significantly different within the time point (repeated measures 
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Figure B5. Phosphorylation status of AKT substrate proteins. 
Histogram and corresponding representative immunoblot of the time and dose response of AKT 
substrate protein phosphorylation in rainbow trout liver slices following treatment with peptide 
moiety and cortisol-peptide conjugate (equal molarity to 1000 ng/ml cortisol). Liver samples were 
probed with phospho-Akt substrate (RXXS/T) polyclonal rabbit antibody (Cell Signaling 
Technology, Beverly, MA), which detects proteins that are phosphorylated within the AKT 
phosphorylation motif. Equal loading was confirmed with β-actin (monoclonal mouse antibody; 
Sigma, St. Louis, MO). Densitometry values were obtained by quantifying the total phosphorylation 
intensity of each lane (region shown). Values are plotted as % control and show mean ± S.E.M (n = 5 
independent fish); bars with different symbols are significantly different within the time point 
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Figure B6. Regulation of p38 mitogen-activated protein kinase (MAPK) phosphorylation in 
trout liver slices. 
Histogram and corresponding representative immunoblot of the time and dose response of p38 
MAPK phosphorylation following treatment membrane impermeable peptide moiety or cortisol-
peptide conjugate (equal molarity to 1000 ng/ml cortisol). Liver slices were probed with phospho-
specific p38 MAPK monoclonal rabbit antibody (Cell Signaling Technology, Beverly, MA). Equal 
loading was confirmed with β-actin (monoclonal mouse antibody; Sigma, St. Louis, MO). 
Densitometric values are plotted as % control and show mean ± S.E.M (n = 5 independent fish); bars 
with different symbols are significantly different within the time point (repeated measures ANOVA, p 
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Figure B7. ERK (1/2) mitogen-activated protein kinase (MAPK) phosphorylation in trout liver 
slices. 
Histogram and corresponding representative immunoblot of the time and dose response of ERK (1/2) 
MAPK phosphorylation following treatment membrane impermeable peptide moiety or cortisol-
peptide conjugate (equal molarity to 1000 ng/ml cortisol). rainbow trout liver slices were probed with 
phospho-specific ERK(1/2) MAPK monoclonal rabbit antibody (Cell Signaling Technology, Beverly, 
MA). Equal loading was confirmed with β-actin (monoclonal mouse antibody; Sigma, St. Louis, 
MO). Densitometric values are plotted as % control and show mean ± S.E.M (n = 5 independent fish); 
bars with different symbols are significantly different within the time point (repeated measures 
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Supplemental Information for Chapter 5 
Table 1C. Liver free amino acid levels (µM) in response to cortisol alone and in combination with 







Cyclo Cyclo + 
Cortisol 
RU486 RU486 + 
Cortisol 





































































































































































Cyclo Cyclo + 
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RU486 RU486 + 
Cortisol 










































Values represent mean ± S.E.M (n = 6).Alanine (Ala), Asparagine (Asn), aminobutyrate (2-AB), 
Aspartate  (Asp), glutamate (Glu), glutamine (Gln), Glutathione (GSH), glycine (Gly),  isoleucine 























Table 2C. Liver metabolite levels (µM) in response to cortisol alone and in combination with 
cycloheximide (cyclo) or mifepristone (RU486). 




Cyclo Cyclo + 
Cortisol 
RU486 RU486 + 
Cortisol 
























































































































































































Table 2C. Continued. 




Cyclo Cyclo + 
Cortisol 
RU486 RU486 + 
Cortisol 








































1.0 ± 0.2 




















































































Values represent the mean ± S.E.M. (n = 6). Sn-glycero-3-phosphocholine (GPC), 0-phosphocholine 













Abou-samra, A.B., Catt, K.J., and Aguilera, G. (1986). Biphasic inhibition of adrenocorticotropin 
release by corticosterone in cultured anterior pituitary cells. Endocrinology 119, 972-977. 
Agnisola, C., Masullo, P., and Mustafa, T. (2004). Short-term responses of coronary circulation to 
cortisol and estrogen in trout (Oncorhynchus mykiss). Gen. Comp. Endocrinol. 135, 210-216. 
Alderman, S.L., McGuire, A., Bernier, N.J., and Vijayan, M.M. (2012). Central and peripheral 
glucocorticoid receptors are involved in the plasma cortisol response to an acute stressor in rainbow 
trout. Gen. Comp. Endocrinol. 176, 79-85. 
Alléra, A., and Wildt, L. (1992). Glucocorticoid-recognizing and-effector sites in rat liver plasma 
membrane. Kinetics of corticosterone uptake by isolated membrane vesicles—I. Binding and 
transport. J. Steroid Biochem. Mol. Biol. 42, 737-756. 
Alsop, D., and Vijayan, M. (2009). The zebrafish stress axis: molecular fallout from the teleost-
specific genome duplication event. Gen. Comp. Endocrinol. 161, 62-66. 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: A role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
Aluru, N., and Vijayan, M.M. (2008). Molecular characterization, tissue-specific expression, and 
regulation of melanocortin 2 receptor in rainbow trout. Endocrinology 149, 4577-4588. 
Aluru, N., and Vijayan, M.M. (2007). Hepatic transcriptome response to glucocorticoid receptor 
activation in rainbow trout. Physiological Genomics 31, 483-491. 
Aluru, N., and Vijayan, M.M. (2004). β-Naphthoflavone disrupts cortisol production and liver 
glucocorticoid responsiveness in rainbow trout. Aquatic Toxicology 67, 273-285. 
Andersen, O.S., and Koeppe, R.E. (2007). Bilayer thickness and membrane protein function: an 
energetic perspective. Annu. Rev. Biophys. Biomol. Struct. 36, 107-130. 
Bailey, R.W., Nguyen, T., Robertson, L., Gibbons, E., Nelson, J., Christensen, R.E., Bell, J.P., Judd, 
A.M., and Bell, J.D. (2009). Sequence of physical changes to the cell membrane during 
glucocorticoid-induced apoptosis in S49 lymphoma cells. Biophys. J. 96, 2709-2718. 
Balogh, G., Horváth, I., Nagy, E., Hoyk, Z., Benkõ, S., Bensaude, O., and Vígh, L. (2005). The 
hyperfluidization of mammalian cell membranes acts as a signal to initiate the heat shock protein 
response. FEBS Journal 272, 6077-6086. 
 
 181 
Baritaki, S., Apostolakis, S., Kanellou, P., Dimanche‐Boitrel, M.T., Spandidos, D.A., and Bonavida, 
B. (2007). Reversal of tumor resistance to apoptotic stimuli by alteration of membrane fluidity: 
therapeutic implications. Adv. Cancer Res. 98, 149-190. 
Bastiaanse, E.M.L., Höld, K.M., and Van der Laarse, A. (1997). The effect of membrane cholesterol 
content on ion transport processes in plasma membranes. Cardiovasc. Res. 33, 272-283. 
Beck, R., Bertolino, S., Abbot, S.E., Aaronson, P.I., Smirnov, S.V. (1998) Modulation of arachidonic 
acid release and membrane fluidity by albumin in vascular smooth muscle and endothelial cells. Circ 
Res. 83, 923-931 
Becker, S., Ardisson, V., Lepareur, N., Sergent, O., Bayat, S., Noiret, N., Gaboriau, F., Clément, B., 
Boucher, E., and Raoul, J.L. (2010). Increased Lipiodol uptake in hepatocellular carcinoma possibly 
due to increased membrane fluidity by dexamethasone and tamoxifen. Nucl. Med. Biol. 37, 777-784. 
Bernier, N.J., Lin, X., and Peter, R.E. (1999). Differential expression of corticotropin-releasing factor 
(CRF) and urotensin I precursor genes, and evidence of CRF gene expression regulated by cortisol in 
goldfish brain. Gen. Comp. Endocrinol. 116, 461-477. 
Birnberg, N.C., Lissitzky, J.C., Hinman, M., and Herbert, E. (1983). Glucocorticoids regulate 
proopiomelanocortin gene expression in vivo at the levels of transcription and secretion. Proceedings 
of the National Academy of Sciences 80, 6982-6986. 
Boldizsar, F., Szabo, M., Kvell, K., Czompoly, T., Talaber, G., Bjorkan, J., Bartis, D., Nemeth, P., 
and Berki, T. (2013). ZAP-70 tyrosines 315 and 492 transmit non-genomic glucocorticoid (GC) 
effects in T cells. Mol. Immunol. 53, 111-117. 
Boldizsar, F., Talaber, G., Szabo, M., Bartis, D., Palinkas, L., Nemeth, P., and Berki, T. (2010). 
Emerging pathways of non-genomic glucocorticoid (GC) signalling in T cells. Immunobiology 215, 
521-526. 
Bonga, S.E.W. (1997). The stress response in fish. Physiol. Rev. 77, 591-625. 
Borski, R.J. (2000). Nongenomic membrane actions of glucocorticoids in vertebrates. Trends in 
Endocrinology and Metabolism 11, 427-436. 
Borski, R.J., Helms, L., Richman, N., and Grau, E.G. (1991). Cortisol rapidly reduces prolactin 
release and cAMP and 45Ca2 accumulation in the cichlid fish pituitary in vitro. Proceedings of the 
National Academy of Sciences USA 88, 2758-2762. 
Borski, R.J., Hyde, G.N., and Fruchtman, S. (2002). Signal transduction mechanisms mediating rapid, 
nongenomic effects of cortisol on prolactin release. Steroids 67, 539-548. 
Borski, R.J., Hyde, G.N., Fruchtman, S., and Tsai, W.S. (2001). Cortisol suppresses prolactin release 
through a non-genomic mechanism involving interactions with the plasma membrane. Comparative 
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 129, 533-541. 
 
 182 
Boullier, J.A., Melnykovych, G., and Barisas, B.G. (1982). A photobleaching recovery study of 
glucocorticoid effects on lateral mobilities of a lipid analog in S3G HeLa cell membranes. Biochimica 
Et Biophysica Acta (BBA)-Biomembranes 692, 278-286. 
Brasitus, T.A., Dudeja, P., Dahiya, R., and Halline, A. (1987). Dexamethasone-induced alterations in 
lipid composition and fluidity of rat proximal-small-intestinal brush-border membranes. Biochem. J. 
248, 455-461. 
Bury, N.R., and Sturm, A. (2007). Evolution of the corticosteroid receptor signalling pathway in fish. 
Gen. Comp. Endocrinol. 153, 47-56. 
Bury, N., Sturm, A., Le Rouzic, P., Lethimonier, C., Ducouret, B., Guiguen, Y., Robinson-Rechavi, 
M., Laudet, V., Rafestin-Oblin, M., and Prunet, P. (2003). Evidence for two distinct functional 
glucocorticoid receptors in teleost fish. J. Mol. Endocrinol. 31, 141-156. 
Butler, P.J., Tsou, T.C., Li, J.Y.S., Usami, S., and Chien, S. (2002). Rate sensitivity of shear-induced 
changes in the lateral diffusion of endothelial cell membrane lipids: a role for membrane perturbation 
in shear-induced MAPK activation. The FASEB Journal 16, 216-218. 
Cai, M., Zhao, W., Shang, X., Jiang, J., Ji, H., Tang, Z., and Wang, H. (2012). Direct evidence of 
lipid rafts by in situ atomic force microscopy. Small 8, 1243-1250. 
Chachisvilis, M., Zhang, Y.L., and Frangos, J.A. (2006). G protein-coupled receptors sense fluid 
shear stress in endothelial cells. Proceedings of the National Academy of Sciences USA. 103, 15463-
15468. 
Chini, B., and Parenti, M. (2004). G-protein coupled receptors in lipid rafts and caveolae: how, when 
and why do they go there? J. Mol. Endocrinol. 32, 325-338. 
Clarke, R., Van Den Berg, H.W., and Murphy, R.F. (1990). Reduction of the membrane fluidity of 
human breast cancer cells by tamoxifen and 17β-estradiol. J. Natl. Cancer Inst. 82, 1702-1705. 
Coddington, E., Lewis, C., Rose, J.D., and Moore, F.L. (2007). Endocannabinoids mediate the effects 
of acute stress and corticosterone on sex behavior. Endocrinology 148, 493-500. 
Colombe, L., Fostier, A., Bury, N., Pakdel, F., and Guiguen, Y. (2000). A mineralocorticoid-like 
receptor in the rainbow trout, Oncorhynchus mykiss: cloning and characterization of its steroid 
binding domain. Steroids 65, 319-328. 
Coskun, Ü., Grzybek, M., Drechsel, D., and Simons, K. (2011). Regulation of human EGF receptor 
by lipids. Proceedings of the National Academy of Sciences USA 108, 9044-9048. 
Daleke, D.L. (2003). Regulation of transbilayer plasma membrane phospholipid asymmetry. J. Lipid 
Res. 44, 233-242. 
Dardevet, D., Sornet, C., Taillandier, D., Savary, I., Attaix, D., and Grizard, J. (1995). Sensitivity and 
protein turnover response to glucocorticoids are different in skeletal muscle from adult and old rats. 
Lack of regulation of the ubiquitin-proteasome proteolytic pathway in aging. J. Clin. Invest. 96, 2113. 
 
 183 
de Kloet, E.R., Karst, H., and Joëls, M. (2008). Corticosteroid hormones in the central stress 
response: quick-and-slow. Front. Neuroendocrinol. 29, 268-272. 
Deliconstantinos, G. (1985). Cortisol effect on (Na K )-stimulated ATPase activity and on bilayer 
fluidity of dog brain synaptosomal plasma membranes. Neurochem. Res. 10, 1605-1613. 
Di, S., Malcher-Lopes, R., Halmos, K.C., and Tasker, J.G. (2003). Nongenomic glucocorticoid 
inhibition via endocannabinoid release in the hypothalamus: a fast feedback mechanism. The Journal 
of Neuroscience 23, 4850-4857. 
Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. (2012). Novel 
Nongenomic signaling by glucocorticoid may involve changes to liver membrane order in rainbow 
trout. PloS One 7, e46859. 
Dowhan, W., and Bogdanov, M. (2011). Lipid–protein interactions as determinants of membrane 
protein structure and function. Biochem. Soc. Trans. 39, 767. 
Doyon, C., Leclair, J., Trudeau, V.L., and Moon, T.W. (2006). Corticotropin-releasing factor and 
neuropeptide Y mRNA levels are modified by glucocorticoids in rainbow trout, Oncorhynchus 
mykiss. Gen. Comp. Endocrinol. 146, 126-135. 
Ducouret, B., Tujague, M., Ashraf, J., Mouchel, N., Servel, N., Valotaire, Y., and Thompson, E. 
(1995). Cloning of a teleost fish glucocorticoid receptor shows that it contains a deoxyribonucleic 
acid-binding domain different from that of mammals. Endocrinology 136, 3774-3783. 
Dudeja, P.K., Dahiya, R., Brown, M.D., and Brasitus, T.A. (1988). Dexamethasone influences the 
lipid fluidity, lipid composition and glycosphingolipid glycosyltransferase activities of rat proximal-
small-intestinal Golgi membranes. Biochem. J. 253, 401-408. 
Dudeja, P.K., Foster, E.S., and Brasitus, T.A. (1987). Modulation of rat distal colonic brush-border 
membrane Na − H exchange by dexamethasone: role of lipid fluidity. Biochimica Et Biophysica Acta 
(BBA)-Biomembranes 905, 485-493. 
Edidin, M. (2003). The state of lipid rafts: from model membranes to cells. Annu. Rev. Biophys. 
Biomol. Struct. 32, 257-283. 
Engelman, R., Prasad, M., Rousou, J., Breyer, R., Bagchi, M., and Das, D. (1989). Steroid-induced 
myocardial preservation is associated with decreased cell membrane microviscosity. Circulation 80, 
III36-43. 
Evans, S.J., Murray, T.F., and Moore, F.L. (2000). Partial purification and biochemical 
characterization of a membrane glucocorticoid receptor from an amphibian brain. J. Steroid Biochem. 
Mol. Biol. 72, 209-221. 
Evanson, N.K., Tasker, J.G., Hill, M.N., Hillard, C.J., and Herman, J.P. (2010). Fast feedback 
inhibition of the HPA axis by glucocorticoids is mediated by endocannabinoid signaling. 
Endocrinology 151, 4811-4819. 
 
 184 
Fackler, O.T., and Grosse, R. (2008). Cell motility through plasma membrane blebbing. J. Cell Biol. 
181, 879-884. 
Federenko, I.S., Nagamine, M., Hellhammer, D.H., Wadhwa, P.D., and Wüst, S. (2004). The 
heritability of hypothalamus pituitary adrenal axis responses to psychosocial stress is context 
dependent. Journal of Clinical Endocrinology & Metabolism 89, 6244-6250. 
Frederix, P.L.T.M., Bosshart, P.D., and Engel, A. (2009). Atomic force microscopy of biological 
membranes. Biophys. J. 96, 329-338. 
García-Sáez, A.J., and Schwille, P. (2010). Stability of lipid domains. FEBS Lett. 584, 1653-1658. 
Garcia, J.J., Martinez-Ballarin, E., Millan-Plano, S., Allue, J.L., Albendea, C., Fuentes, L., and 
Escanero, J.F. (2005). Effects of trace elements on membrane fluidity. J Trace Elem Med Biol. 19, 
19-22  
Gerritsen, M.E., Schwarz, S.M., and Medow, M.S. (1991). Glucocorticoid-mediated alterations in 
fluidity of rabbit cardiac muscle microvessel endothelial cell membranes: influences on eicosanoid 
release. Biochimica Et Biophysica Acta (BBA)-Biomembranes 1065, 63-68. 
Ghosh, A., Pore, N., Basu, R., De, S., and Nandy, P. (1996). Lipid perturbation by corticosteroids: an 
anisotropic study. Colloids and Surfaces B: Biointerfaces 7, 65-68. 
Gimpl, G. (2010). Cholesterol–protein interaction: methods and cholesterol reporter molecules. 
Cholesterol Binding and Cholesterol Transport Proteins. Subcellular biochemistry 51, 1-45. 
Glover, V., O’Connor, T., and O’Donnell, K. (2010). Prenatal stress and the programming of the 
HPA axis. Neuroscience & Biobehavioral Reviews 35, 17-22. 
Gomez-Munoz, A., Hales, P., Brindley, D., and Sancho, M. (1989). Rapid activation of glycogen 
phosphorylase by steroid hormones in cultured rat hepatocytes. Biochem. J. 262, 417-423. 
Gordon, L., Sauerheber, R., Esgate, J., Dipple, I., Marchmont, R., and Houslay, M. (1980). The 
increase in bilayer fluidity of rat liver plasma membranes achieved by the local anesthetic benzyl 
alcohol affects the activity of intrinsic membrane enzymes. J. Biol. Chem. 255, 4519-4527. 
Grefen, C., Honsbein, A., and Blatt, M.R. (2011). Ion transport, membrane traffic and cellular volume 
control. Curr. Opin. Plant Biol. 14, 332-339. 
Groeneweg, F.L., Karst, H., de Kloet, E.R., and Joels, M. (2011). Rapid non-genomic effects of 
corticosteroids and their role in the central stress response. J. Endocrinol. 209, 153-167. 
Grote, H., Ioannou, I., Voigt, J., and Sekeris, C.E. (1993). Localization of the glucocorticoid receptor 
in rat liver cells: Evidence for plasma membrane bound receptor. Int. J. Biochem. 25, 1593-1599. 
Groves, J.T., and Kuriyan, J. (2010). Molecular mechanisms in signal transduction at the membrane. 
Nature Structural & Molecular Biology 17, 659-665. 
 
 185 
Gudi, S., Nolan, J.P., and Frangos, J.A. (1998). Modulation of GTPase activity of G proteins by fluid 
shear stress and phospholipid composition. Proceedings of the National Academy of Sciences USA. 
95, 2515-2519. 
Haam, J., Halmos, K., Muglia, L.J., and Tasker, J.G. (2010). Rapid synaptic modulation of 
hypothalamic neurons by glucocorticoids requires the glucocorticoid receptor. Society for 
Neuroscience.Society for Neuroscience, San Diego, CA, Program 19. 
Hafezi-Moghadam, A., Simoncini, T., Yang, Z., Limbourg, F.P., Plumier, J.C., Rebsamen, M.C., 
Hsieh, C.M., Chui, D.S., Thomas, K.L., and Prorock, A.J. (2002). Acute cardiovascular protective 
effects of corticosteroids are mediated by non-transcriptional activation of endothelial nitric oxide 
synthase. Nat. Med. 8, 473. 
Haidekker, M.A., L'Heureux, N., and Frangos, J.A. (2000). Fluid shear stress increases membrane 
fluidity in endothelial cells: a study with DCVJ fluorescence. American Journal of Physiology-Heart 
and Circulatory Physiology 278, H1401-H1406. 
Haller, J., Mikics, É., and Makara, G.B. (2008). The effects of non-genomic glucocorticoid 
mechanisms on bodily functions and the central neural system. A critical evaluation of findings. 
Front. Neuroendocrinol. 29, 273-291. 
Hazel, J.R., McKinley, S.J., and Gerrits, M.F. (1998). Thermal acclimation of phase behavior in 
plasma membrane lipids of rainbow trout hepatocytes. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 275, R861-R869. 
Herman, J.P., and Cullinan, W.E. (1997). Neurocircuitry of stress: central control of the 
hypothalamo–pituitary–adrenocortical axis. Trends Neurosci. 20, 78-84. 
Hinz, B., and Hirschelmann, R. (2000). Rapid non-genomic feedback effects of glucocorticoids on 
CRF-induced ACTH secretion in rats. Pharm. Res. 17, 1273-1277. 
Hu, M., Wang, J., Zhao, H., Dong, S., and Cai, J. (2009). Nanostructure and nanomechanics analysis 
of lymphocyte using AFM: From resting, activated to apoptosis. J. Biomech. 42, 1513-1519. 
Hyde, G.N., Seale, A.P., Grau, E.G., and Borski, R.J. (2004). Cortisol rapidly suppresses intracellular 
calcium and voltage-gated calcium channel activity in prolactin cells of the tilapia (Oreochromis 
mossambicus). American Journal of Physiology-Endocrinology and Metabolism 286, E626-E633. 
Ibarrola, I., Andrés, M., Marino, A., Macarulla, J.M., and Trueba, M. (1996). Purification of a cortisol 
binding protein from hepatic plasma membrane. Biochimica Et Biophysica Acta (BBA)-
Biomembranes 1284, 41-46. 
Ipsen, J., Mouritsen, O., and Bloom, M. (1990). Relationships between lipid membrane area, 




Iwasaki, Y., Aoki, Y., Katahira, M., Oiso, Y., and Saito, H. (1997). Non-genomic mechanisms of 
glucocorticoid inhibition of adrenocorticotropin secretion: possible involvement of GTP-binding 
protein. Biochem. Biophys. Res. Commun. 235, 295-299. 
Johnson, L., Farb, C., Morrison, J., McEwen, B., and LeDoux, J. (2005). Localization of 
glucocorticoid receptors at postsynaptic membranes in the lateral amygdala. Neuroscience 136, 289-
299. 
Jones, M., Brush, F., and Neame, R. (1972). Characteristics of fast feedback control of corticotrophin 
release by corticosteroids. J. Endocrinol. 55, 489-497. 
Kapitulnik, J., Weil, E., and Rabinowitz, R. (1986). Glucocorticoids increase the fluidity of the fetal-
rat liver microsomal membrane in the perinatal period. Biochem. J. 239, 41-45. 
Karst, H., Berger, S., Erdmann, G., Schütz, G., and Joëls, M. (2010). Metaplasticity of amygdalar 
responses to the stress hormone corticosterone. Proceedings of the National Academy of Sciences 
107, 14449-14454. 
Karst, H., Berger, S., Turiault, M., Tronche, F., Schütz, G., and Joëls, M. (2005). Mineralocorticoid 
receptors are indispensable for nongenomic modulation of hippocampal glutamate transmission by 
corticosterone. Proc. Natl. Acad. Sci. U. S. A. 102, 19204-19207. 
Keating, K.M., Barisas, B.G., and Roess, D.A. (1988). Glucocorticoid effects on lipid lateral diffusion 
and membrane composition in lipopolysaccharide-activated B-cell leukemia 1 cells. Cancer Res. 48, 
59. 
Kewalramani, G., Puthanveetil, P., Kim, M.S., Wang, F., Lee, V., Hau, N., Beheshti, E., Ng, N., 
Abrahani, A., and Rodrigues, B. (2008). Acute dexamethasone-induced increase in cardiac 
lipoprotein lipase requires activation of both Akt and stress kinases. American Journal of Physiology-
Endocrinology and Metabolism 295, E137-E147. 
Kiss, C., Balázs, M., and Kéri-Fülöp, I. (1990). Dexamethasone decreases membrane fluidity of 
leukemia cells. Leuk. Res. 14, 221-225. 
Kucerka, N., Marquardt, D., Harroun, T.A., Nieh, M.P., Wassall, S.R., and Katsaras, J. (2009). The 
functional significance of lipid diversity: orientation of cholesterol in bilayers is determined by lipid 
species. J. Am. Chem. Soc. 131, 16358-16359. 
Laethem, F.V., Liang, X., Andris, F., Urbain, J., Vandenbranden, M., Ruysschaert, J.M., Resh, M.D., 
Stulnig, T.M., and Leo, O. (2003). Glucocorticoids alter the lipid and protein composition of 
membrane rafts of a murine T cell hybridoma. The Journal of Immunology 170, 2932.-2939. 
Lamche, H.R., Silberstein, P.T., Knabe, A.C., Thomas, D.D., Jacob, H.S., and Hammerschmidt, D.E. 
(1990). Steroids decrease granulocyte membrane fluidity, while phorbol ester increases membrane 
fluidity. Inflammation 14, 61-70. 
 
 187 
Lee, S.R., Kim, H.K., Youm, J.B., Dizon, L.A., Song, I.S., Jeong, S.H., Seo, D.Y., Ko, K.S., Rhee, 
B.D., and Kim, N. (2012). Non-genomic effect of glucocorticoids on cardiovascular system. Pflügers 
Archiv European Journal of Physiology 1-11. 
Lentz, B.R. (1989). Membrane “fluidity” as detected by diphenylhexatriene probes. Chem. Phys. 
Lipids 50, 171-190. 
Lewis, C.M., and Rose, J.D. (2003). Rapid corticosterone-induced impairment of amplectic clasping 
occurs in the spinal cord of roughskin newts ( taricha granulosa). Horm. Behav. 43, 93-98. 
Li, X., Qiu, J., Wang, J., Zhong, Y., Zhu, J., and Chen, Y. (2001). Corticosterone-induced rapid 
phosphorylation of p38 and JNK mitogen-activated protein kinases in PC12 cells. FEBS Lett. 492, 
210-214. 
Li, Y., Sturm, A., Cunningham, P., and Bury, N. (2012). Evidence for a divergence in function 
between two glucocorticoid receptors from a basal teleost. BMC Evolutionary Biology 12, 
doi:10.1186/1471-2148-12-137. 
Long, F., Wang, Y.X., Liu, L., Zhou, J., Cui, R.Y., and Jiang, C.L. (2005). Rapid nongenomic 
inhibitory effects of glucocorticoids on phagocytosis and superoxide anion production by 
macrophages. Steroids 70, 55-61. 
Lösel, R., and Wehling, M. (2003). Nongenomic actions of steroid hormones. Nature Reviews 
Molecular Cell Biology 4, 46-55. 
Lou, S., and Chen, Y. (1998). The Rapid Inhibitory Effect of Glucocorticoid on Cytosolic Free Ca2  
Increment Induced by High Extracellular K
+
 and Its Underlying Mechanism in PC12 Cells. Biochem. 
Biophys. Res. Commun. 244, 403-407. 
Lovell, P.V., King, J.T., and McCobb, D.P. (2004). Acute modulation of adrenal chromaffin cell BK 
channel gating and cell excitability by glucocorticoids. J. Neurophysiol. 91, 561-570. 
Löwenberg, M., Tuynman, J., Bilderbeek, J., Gaber, T., Buttgereit, F., van Deventer, S., 
Peppelenbosch, M., and Hommes, D. (2005). Rapid immunosuppressive effects of glucocorticoids 
mediated through Lck and Fyn. Blood 106, 1703-1710. 
Löwenberg, M., Verhaar, A.P., van den Brink, G.R., and Hommes, D.W. (2007a). Glucocorticoid 
signaling: a nongenomic mechanism for T-cell immunosuppression. Trends Mol. Med. 13, 158-163. 
Malkoski, S.P., and Dorin, R.I. (1999). Composite glucocorticoid regulation at a functionally defined 
negative glucocorticoid response element of the human corticotropin-releasing hormone gene. 
Molecular Endocrinology 13, 1629-1644. 
Massa, E.M., Morero, R.D., Bloj, B., and Farias, R.N. (1975). Hormone action and membrane 
fluidity: Effect of insulin and cortisol on the hill coefficients of rat erythrocyte membrane-bound 
acetyl-cholinesterase and NaK-ATPase. Biochem. Biophys. Res. Commun. 66, 115-122. 
 
 188 
Massey, J.B., and Pownall, H.J. (2006). Structures of biologically active oxysterols determine their 
differential effects on phospholipid membranes. Biochemistry. 45, 10747-10758. 
Mastrangelo, C., Kendig, J., Trudell, J., and Cohen, E. (1979). Nerve membrane lipid fluidity: 
opposing effects of high pressure and ethanol. Undersea Biomed. Res. 6, 47. 
McAllister, C., Karymov, M.A., Kawano, Y., Lushnikov, A.Y., Mikheikin, A., Uversky, V.N., and 
Lyubchenko, Y.L. (2005). Protein interactions and misfolding analyzed by AFM force spectroscopy. 
J. Mol. Biol. 354, 1028-1042. 
McDonnel, A.C., Van Kirk, E.A., Isaak, D.D., and Murdoch, W.J. (2003). Inhibitory effects of 
progesterone on plasma membrane fluidity and tumorigenic potential of ovarian epithelial cancer 
cells. Exp. Biol. Med. 228, 308-314. 
McElhaney, R.N. (1975). Membrane lipid, not polarized water, is responsible for the semipermeable 
properties of living cells. Biophys. J. 15, 777-784. 
Milla, S., Terrien, X., Sturm, A., Ibrahim, F., Giton, F., Fiet, J., Prunet, P., and Le Gac, F. (2008). 
Plasma 11-deoxycorticosterone (DOC) and mineralocorticoid receptor testicular expression during 
rainbow trout Oncorhynchus mykiss spermiation: implication with 17alpha, 20beta-
dihydroxyprogesterone on the milt fluidity? Reproductive Biology and Endocrinology 6, 19. 
Miller, D.B., and O'Callaghan, J.P. (2002). Neuroendocrine aspects of the response to stress. Metab. 
Clin. Exp. 51, 5-10. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. (1999). Cortisol in teleost: dynamics, mechanisms 
of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
Moran, M., and Miceli, M.C. (1998). Engagement of GPI-Linked CD48 contributes to TCR signals 
and cytoskeletal reorganization: a role for lipid rafts in T Cell activation. Immunity 9, 787-796. 
Morrill, G.A., Doi, K., Erlichman, J., and Kostellow, A.B. (1993). Cyclic AMP binding to the 
amphibian oocyte plasma membrane: possible interrealtionship between meiotic arrest and membrane 
fluidity. Biochimica Et Biophysica Acta (BBA)-General Subjects 1158, 146-154. 
Morrill, G.A., Doi, K., and Kostellow, A.B. (1989). Progesterone induces transient changes in plasma 
membrane fluidity of amphibian oocytes during the first meiotic division. Arch. Biochem. Biophys. 
269, 690-694. 
Muller, D.J., and Engel, A. (2008). Strategies to prepare and characterize native membrane proteins 
and protein membranes by AFM. Current Opinion in Colloid & Interface Science 13, 338-350. 
Nagy, E., Balogi, Z., Gombos, I., Åkerfelt, M., Björkbom, A., Balogh, G., Török, Z., Maslyanko, A., 
Fiszer-Kierzkowska, A., and Lisowska, K. (2007). Hyperfluidization-coupled membrane 
microdomain reorganization is linked to activation of the heat shock response in a murine melanoma 
cell line. Proceedings of the National Academy of Sciences USA 104, 7945-7950. 
 
 189 
Nesan, D., Kamkar, M., Burrows, J., Scott, I.C., Marsden, M., and Vijayan, M.M. (2012). 
Glucocorticoid receptor signaling is essential for mesoderm formation and muscle development in 
zebrafish. Endocrinology 153, 1288-1300. 
Nesan, D., and Vijayan, M.M. (2012). Role of glucocorticoid in developmental programming: 
evidence from zebrafish. Gen. Comp. Endocrinol. 181, 35-44. 
Neu, J., Ozaki, C.K., and Angelides, K.J. (1986). Glucocorticoid-mediated alteration of fluidity of 
brush border membrane in rat small intestine. Pediatr. Res. 20, 79-82. 
Nicolaides, N.C., Galata, Z., Kino, T., Chrousos, G.P., and Charmandari, E. (2010). The human 
glucocorticoid receptor: molecular basis of biologic function. Steroids 75, 1-12. 
Nievas, G.A.F., Barrantes, F.J., and Antollini, S.S. (2008). Modulation of nicotinic acetylcholine 
receptor conformational state by free fatty acids and steroids. J. Biol. Chem. 283, 21478-21486. 
Oberleithner, H., Riethmüller, C., Ludwig, T., Shahin, V., Stock, C., Schwab, A., Hausberg, M., 
Kusche, K., and Schillers, H. (2006). Differential action of steroid hormones on human endothelium. 
J. Cell. Sci. 119, 1926-1932. 
Olsen, B.N., Schlesinger, P.H., and Baker, N.A. (2009). Perturbations of membrane structure by 
cholesterol and cholesterol derivatives are determined by sterol orientation. J. Am. Chem. Soc. 131, 
4854-4865. 
Orsini, F., Cremona, A., Arosio, P., Corsetto, P.A., Montorfano, G., Lascialfari, A., and Rizzo, A. 
(2012). Atomic force microscopy imaging of lipid rafts of human breast cancer cells. Biochimica Et 
Biophysica Acta (BBA)-Biomembranes 1818, 2943-2949. 
Pandey, V., Vijayakumar, M.V., Kaul-Ghanekar, R., Mamgain, H., Paknikar, K., and Bhat, M.K. 
(2009). Atomic force microscopy, biochemical analysis of 3T3-L1 cells differentiated in the absence 
and presence of insulin. Biochimica Et Biophysica Acta (BBA)-General Subjects 1790, 57-64. 
Papadaki, M., and Eskin, S.G. (2008). Effects of fluid shear stress on gene regulation of vascular 
cells. Biotechnol. Prog. 13, 209-221. 
Park, Y.S., Choi, Y.H., Park, C.H., and Kim, K.T. (2008). Nongenomic glucocorticoid effects on 
activity-dependent potentiation of catecholamine release in chromaffin cells. Endocrinology 149, 
4921-4927. 
Prager, E.M., Brielmaier, J., Bergstrom, H.C., McGuire, J., and Johnson, L.R. (2010). Localization of 
mineralocorticoid receptors at mammalian synapses. PloS One 5, e14344. 
Prunet, P., Sturm, A., and Milla, S. (2006). Multiple corticosteroid receptors in fish: from old ideas to 
new concepts. Gen. Comp. Endocrinol. 147, 17-23. 
Qiu, J., Lou, L., Huang, X., Lou, S., Pei, G., and Chen, Y. (1998). Nongenomic mechanisms of 
glucocorticoid inhibition of nicotine-induced calcium influx in PC12 cells: involvement of protein 
kinase C. Endocrinology 139, 5103-5108. 
 
 190 
Qiu, J., Wang, C., Huang, X., and Chen, Y. (2003). Nongenomic mechanism of glucocorticoid 
inhibition of bradykinin-induced calcium influx in PC12 cells: possible involvement of protein kinase 
C. Life Sci. 72, 2533-2542. 
Qiu, J., Wang, P., Jing, Q., Zhang, W., Li, X., Zhong, Y., Sun, G., Pei, G., and Chen, Y. (2001). 
Rapid activation of ERK1/2 mitogen-activated protein kinase by corticosterone in PC12 cells. 
Biochem. Biophys. Res. Commun. 287, 1017-1024. 
Reddy, A., Shivaji, S., and Gupta, P. (1989). Effect of estradiol on the membrane fluidity of the rat 
vaginal epithelial cells. J. Steroid Biochem. 33, 1229-1233. 
Revollo, J.R., and Cidlowski, J.A. (2009). Mechanisms generating diversity in glucocorticoid 
receptor signaling. Ann. N. Y. Acad. Sci. 1179, 167-178. 
Rog, T., Stimson, L.M., Pasenkiewicz-Gierula, M., Vattulainen, I., and Karttunen, M. (2008). 
Replacing the cholesterol hydroxyl group with the ketone group facilitates sterol flip-flop and 
promotes membrane fluidity. J Phys Chem B 112, 1946-1952. 
Romero, L.M., Dickens, M.J., and Cyr, N.E. (2009). The reactive scope model--A new model 
integrating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-389. 
Roozendaal, B., Hernandez, A., Cabrera, S.M., Hagewoud, R., Malvaez, M., Stefanko, D.P., Haettig, 
J., and Wood, M.A. (2010). Membrane-associated glucocorticoid activity is necessary for modulation 
of long-term memory via chromatin modification. The Journal of Neuroscience 30, 5037-5046. 
Roozendaal, B., Quirarte, G.L., and McGaugh, J.L. (2002). Glucocorticoids interact with the 
basolateral amygdala β‐adrenoceptor–cAMP/cAMP/PKA system in influencing memory 
consolidation. Eur. J. Neurosci. 15, 553-560. 
Roy, B., and Rai, U. (2009). Genomic and non-genomic effect of cortisol on phagocytosis in 
freshwater teleost Channa punctatus: An in vitro study. Steroids 74, 449-455. 
Sade, A., Tuncay, S., Cimen, I., Severcan, F., and Banerjee, S. (2012). Celecoxib reduces fluidity and 
decreases metastatic potential of colon cancer cell lines irrespective of COX-2 expression. Biosci. 
Rep. 32, 35-44. 
Sapolsky, R.M., Romero, L.M., and Munck, A.U. (2000). How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 
55-89. 
Sauerheber, R.D., Lewis, U.J., Esgate, J.A., and Gordon, L.M. (1980). Effect of calcium, insulin and 
growth hormone on membrane fluidity. A spin label study of rat adipocyte and human erythrocyte 
ghosts. BBA-Biomembranes. 597, 292-304. 
Schreck, C.B. (2010). Stress and fish reproduction: the roles of allostasis and hormesis. Gen. Comp. 
Endocrinol. 165, 549-556. 
 
 191 
Schrot, S., Weidenfeller, C., Schäffer, T.E., Robenek, H., and Galla, H.J. (2005). Influence of 
hydrocortisone on the mechanical properties of the cerebral endothelium in vitro. Biophys. J. 89, 
3904-3910. 
Schwartz, Z., Gates, P., Nasatzky, E., Sylvia, V., Mendez, J., Dean, D., and Boyan, B. (1996). Effect 
of 17β-estradiol on chondrocyte membrane fluidity and phospholipid metabolism is membrane-
specific, sex-specific, and cell maturation-dependent. Biochimica Et Biophysica Acta (BBA)-
Biomembranes 1282, 1-10. 
Scoltock, A.B., and Cidlowski, J.A. (2011). Mechanisms of Glucocorticoid Receptor Regulation of 
Gene Expression. The Handbook of Stress 113-133. 
Shahin, V., Ludwig, Y., Schafer, C., Nikova, D., and Oberleithner, H. (2005). Glucocorticoids 
remodel nuclear envelope structure and permeability. J. Cell. Sci. 118, 2881-2889. 
Simons, K., and Toomre, D. (2000). Lipid rafts and signal transduction. Nature Reviews Molecular 
Cell Biology 1, 31-39. 
Singer, S., and Nicolson, G.L. (1972). The fluid mosaic model of the structure of cell membranes. 
Landmark Papers in Cell Biology 296-307. 
Solito, E., Mulla, A., Morris, J.F., Christian, H.C., Flower, R.J., and Buckingham, J.C. (2003). 
Dexamethasone induces rapid serine-phosphorylation and membrane translocation of annexin 1 in a 
human folliculostellate cell line via a novel nongenomic mechanism involving the glucocorticoid 
receptor, protein kinase C, phosphatidylinositol 3-kinase, and mitogen-activated protein kinase. 
Endocrinology 144, 1164-1174. 
Spencer, K.A., Evans, N.P., and Monaghan, P. (2009). Postnatal stress in birds: a novel model of 
glucocorticoid programming of the hypothalamic-pituitary-adrenal axis. Endocrinology 150, 1931-
1934. 
Squier, T.C., Bigelow, D., and Thomas, D. (1988). Lipid fluidity directly modulates the overall 
protein rotational mobility of the Ca-ATPase in sarcoplasmic reticulum. J. Biol. Chem. 263, 9178-
9186. 
Stolte, E.H., de Mazon, A.F., Leon-Koosterziel, K.M., Jesiak, M., Bury, N.R., Sturm, A., Savelkoul, 
H.F.J., van Kemenade, B.M.L.V., and Flik, G. (2008). Corticosteroid receptors involved in stress 
regulation in common carp, Cyprinus carpio. J. Endocrinol. 198, 403-417. 
Sturm, A., Bury, N., Dengreville, L., Fagart, J., Flouriot, G., Rafestin-Oblin, M., and Prunet, P. 
(2005). 11-deoxycorticosterone is a potent agonist of the rainbow trout (Oncorhynchus mykiss) 
mineralocorticoid receptor. Endocrinology 146, 47-55. 
Sturm, A., Colliar, L., Leaver, M.J., and Bury, N.R. (2011). Molecular determinants of hormone 
sensitivity in rainbow trout glucocorticoid receptors 1 and 2. Mol. Cell. Endocrinol. 333, 181-189. 
Sunny, F., Lakshmy, P.S., and Oommen, O.V. (2002). Rapid action of cortisol and testosterone on 
lipogenic enzymes in a fresh water fish Oreochromis mossambicus: short-term in vivo and in vitro 
 
 192 
study. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 131, 
297-304. 
Sunny, F., and Oommen, O.V. (2001). Rapid action of glucocorticoids on branchial ATPase activity 
in Oreochromis mossambicus: an in vivo and in vitro study. Comparative Biochemistry and 
Physiology Part B: Biochemistry and Molecular Biology 130, 323-330. 
Sunshine, C., and McNamee, M.G. (1994). Lipid modulation of nicotinic acetylcholine receptor 
function: the role of membrane lipid composition and fluidity. Biochimica Et Biophysica Acta 
(BBA)-Biomembranes 1191, 59-64. 
Tasker, J.G., Di, S., and Malcher-Lopes, R. (2006). Rapid glucocorticoid signaling via membrane-
associated receptors. Endocrinology 147, 5549-5556. 
Török, Z., Tsvetkova, N.M., Balogh, G., Horváth, I., Nagy, E., Pénzes, Z., Hargitai, J., Bensaude, O., 
Csermely, P., and Crowe, J.H. (2003). Heat shock protein coinducers with no effect on protein 
denaturation specifically modulate the membrane lipid phase. Proceedings of the National Academy 
of Sciences USA. 100, 3131-3136. 
Vainio, S., Heino, S., Månsson, J.E., Fredman, P., Kuismanen, E., Vaarala, O., and Ikonen, E. (2002). 
Dynamic association of human insulin receptor with lipid rafts in cells lacking caveolae. EMBO Rep. 
3, 95-100. 
Van Laethem, F., Liang, X., Andris, F., Urbain, J., Vandenbranden, M., Ruysschaert, J.M., Resh, 
M.D., Stulnig, T.M., and Leo, O. (2003). Glucocorticoids alter the lipid and protein composition of 
membrane rafts of a murine T cell hybridoma. The Journal of Immunology 170, 2932-2939. 
Van Meer, G., Voelker, D.R., and Feigenson, G.W. (2008). Membrane lipids: where they are and how 
they behave. Nature Reviews Molecular Cell Biology 9, 112-124. 
Vegiopoulos, A., and Herzig, S. (2007). Glucocorticoids, metabolism and metabolic diseases. Mol. 
Cell. Endocrinol. 275, 43-61. 
Vigh, L., Nakamoto, H., Landry, J., Gomez-Munoz, A., Harwood, J.L., and Horvath, I. (2007). 
Membrane regulation of the stress response from prokaryotic models to mammalian cells. Ann. N. Y. 
Acad. Sci. 1113, 40-51. 
Wagner, P.G., Jorgensen, M.S., Arden, W.A., and Jackson, B.A. (1999). Stimulus‐secretion coupling 
in porcine adrenal chromaffin cells: Acute effects of glucocorticoids. J. Neurosci. Res. 57, 643-650. 
Welberg, L., and Seckl, J.R. (2001). Prenatal stress, glucocorticoids and the programming of the 
brain. J. Neuroendocrinol. 13, 113-128. 
Whiting, K.P., Restall, C.J., and Brain, P.F. (2000). Steroid hormone-induced effects on membrane 
fluidity and their potential roles in non-genomic mechanisms. Life Sci. 67, 743-757. 
 
 193 
Williams, E.E., and Hazel, J. (1994). Membrane fluidity and hemilayer temperature sensitivity in 
trout hepatocytes during brief in vitro cold exposure. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 266, R773-R780. 
Wiseman, S., Osachoff, H., Bassett, E., Malhotra, J., Bruno, J., VanAggelen, G., Mommsen, T.P., and 
Vijayan, M.M. (2007). Gene expression pattern in the liver during recovery from an acute stressor in 
rainbow trout. Comparative Biochemistry and Physiology Part D: Genomics and Proteomics 2, 234-
244. 
Yonekubo, K., Ohta, T., and Ito, S. (2003). Two distinct inhibitory actions of steroids on 
cholinoceptor-mediated secretion of catecholamine from guinea-pig adrenal medullary cells. 
Neurosci. Lett. 337, 89-92. 
 
Chapter 2 
Alsop, D., Ings, J.S., Vijayan, M.M., and Earley, R.L. (2009). Adrenocorticotropic hormone 
suppresses gonadotropin-stimulated estradiol release from zebrafish ovarian follicles. PloS One 4, 
388-390. 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: A role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
Borski, R.J. (2000). Nongenomic membrane actions of glucocorticoids in vertebrates. Trends in 
Endocrinology and Metabolism 11, 427-436. 
Borski, R.J., Hyde, G.N., and Fruchtman, S. (2002). Signal transduction mechanisms mediating rapid, 
nongenomic effects of cortisol on prolactin release. Steroids 67, 539-548. 
Chachisvilis, M., Zhang, Y.L., and Frangos, J.A. (2006). G protein-coupled receptors sense fluid 
shear stress in endothelial cells. Proceedings of the National Academy of Sciences USA 103, 15463. 
Charmandari, E., Tsigos, C., and Chrousos, G. (2005). Endocrinology of the stress response 1. Annu. 
Rev. Physiol. 67, 259-284. 
Davis, T.L., Whitesell, J.D., Cantlon, J.D., Clay, C.M., and Nett, T.M. (2011). Does a nonclassical 
signaling mechanism underlie an increase of estradiol-mediated gonadotropin-releasing hormone 
receptor binding in ovine pituitary cells? 1. Biol. Reprod. 85, 770-778. 
Deliconstantinos, G. (1985). Cortisol effect on (Na K )-stimulated ATPase activity and on bilayer 
fluidity of dog brain synaptosomal plasma membranes. Neurochem. Res. 10, 1605-1613. 
Erlanger BF, Borek F, Beiser SM, and Lieberman S (1957). Steroid-protein conjugates. J Biol Chem 
228, 713–728. 
Gerritsen, M.E., Schwarz, S.M., and Medow, M.S. (1991). Glucocorticoid-mediated alterations in 
fluidity of rabbit cardiac muscle microvessel endothelial cell membranes: influences on eicosanoid 
release. Biochimica Et Biophysica Acta (BBA)-Biomembranes 1065, 63-68. 
 
 194 
Gravel, A., Wilson, J.M., Pedro, D.F.N., and Vijayan, M.M. (2009). Non-steroidal anti-inflammatory 
drugs disturb the osmoregulatory, metabolic and cortisol responses associated with seawater exposure 
in rainbow trout. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 
149, 481-490. 
Groeneweg, F.L., Karst, H., de Kloet, E.R., and Joels, M. (2011). Rapid non-genomic effects of 
corticosteroids and their role in the central stress response. J. Endocrinol. 209, 153-167. 
Hane, F., Drolle, E., and Leonenko, Z. (2010). Effect of cholesterol and amyloid-β peptide on 
structure and function of mixed-lipid films and pulmonary surfactant BLES: an atomic force 
microscopy study. Nanomedicine: Nanotechnology, Biology and Medicine 6, 808-814. 
Kapitulnik, J., Weil, E., and Rabinowitz, R. (1986). Glucocorticoids increase the fluidity of the fetal-
rat liver microsomal membrane in the perinatal period. Biochem. J. 239, 41-45. 
Katynski, A., Vijayan, M., Kennedy, S., and Moon, T. (2004). 3, 3′, 4, 4′, 5-Pentachlorobiphenyl 
(PCB 126) impacts hepatic lipid peroxidation, membrane fluidity and β-adrenoceptor kinetics in 
chick embryos. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 137, 
81-93. 
Klover, P.J., and Mooney, R.A. (2004). Hepatocytes: critical for glucose homeostasis. Int. J. 
Biochem. Cell Biol. 36, 753-758. 
Leonenko, Z.V., and Cramb, D.T. (2004). Revisiting lipid general anesthetic interactions (I): Thinned 
domain formation in supported planar bilayers induced by halothane and ethanol. Canadian Journal of 
Chemistry 82, 1128-1138. 
Leonenko, Z., Finot, E., Ma, H., Dahms, T., and Cramb, D. (2004). Investigation of temperature-
induced phase transitions in DOPC and DPPC phospholipid bilayers using temperature-controlled 
scanning force microscopy. Biophys. J. 86, 3783-3793. 
Levi, M., Shayman, J.A., Abe, A., Gross, S.K., McCluer, R.H., Biber, J., Murer, H., Lötscher, M., 
and Cronin, R.E. (1995). Dexamethasone modulates rat renal brush border membrane phosphate 
transporter mRNA and protein abundance and glycosphingolipid composition. J. Clin. Invest. 96, 
207. 
Lingwood, D., and Simons, K. (2010). Lipid rafts as a membrane-organizing principle. Science 327, 
46-50. 
Lösel, R., and Wehling, M. (2003). Nongenomic actions of steroid hormones. Nature Reviews 
Molecular Cell Biology 4, 46-55. 
Magonov, S., Elings, V., and Whangbo, M.H. (1997). Phase imaging and stiffness in tapping-mode 
atomic force microscopy. Surf Sci 375, L385-L391. 
McEwen, B.S. (2007). Physiology and neurobiology of stress and adaptation: Central role of the 
brain. Physiol. Rev. 87, 873-904. 
 
 195 
McGuire, A., Aluru, N., Takemura, A., Weil, R., Wilson, J.M., and Vijayan, M.M. (2010). 
Hyperosmotic shock adaptation by cortisol involves upregulation of branchial osmotic stress 
transcription factor 1 gene expression in Mozambique Tilapia. Gen. Comp. Endocrinol. 165, 321-329. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. (1999). Cortisol in teleosts: dynamics, mechanisms 
of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
Moores, B., Drolle, E., Attwood, S.J., Simons, J., and Leonenko, Z. (2011). Effect of surfaces on 
amyloid fibril formation. PloS One 6, e25954. 
Nagler, J.J., Davis, T.L., Modi, N., Vijayan, M.M., and Schultz, I. (2010). Intracellular, not 
membrane, estrogen receptors control vitellogenin synthesis in the rainbow trout. Gen. Comp. 
Endocrinol. 167, 326-330. 
Panin, L.E., Mokrushnikov, P.V., Kunitsyn, V.G., and Zaitsev, B.N. (2010). Interaction mechanism 
of cortisol and catecholamines with structural components of erythrocyte membranes. The Journal of 
Physical Chemistry B 114, 9462-9473. 
Reid, S., Moon, T., and Perry, S. (1992). Rainbow trout hepatocyte beta-adrenoceptors, 
catecholamine responsiveness, and effects of cortisol. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 262, R794. 
Rog, T., Stimson, L.M., Pasenkiewicz-Gierula, M., Vattulainen, I., and Karttunen, M. (2008). 
Replacing the cholesterol hydroxyl group with the ketone group facilitates sterol flip-flop and 
promotes membrane fluidity. J Phys Chem B 112, 1946-1952. 
Rose, A.J., Vegiopoulos, A., and Herzig, S. (2010). Role of glucocorticoids and the glucocorticoid 
receptor in metabolism: Insights from genetic manipulations. J. Steroid Biochem. Mol. Biol. 122, 10-
20. 
Samuel, V.T., Liu, Z., Wang, A., Beddow, S.A., Geisler, J.G., Kahn, M., Zhang, X., Monia, B.P., 
Bhanot, S., and Shulman, G.I. (2007). Inhibition of protein kinase Cepsilon prevents hepatic insulin 
resistance in nonalcoholic fatty liver disease. J. Clin. Invest. 117, 739-745. 
Sandhu, N., and Vijayan, M.M. (2011). Cadmium-mediated disruption of cortisol biosynthesis 
involves suppression of corticosteroidogenic genes in rainbow trout. Aquatic Toxicology 103, 92-
100. 
Sapolsky, R.M., Romero, L.M., and Munck, A.U. (2000). How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 
55-89. 
Sathiyaa, R., Campbell, T., and Vijayan, M.M. (2001). Cortisol modulates HSP90 mRNA expression 
in primary cultures of trout hepatocytes. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology 129, 679-685. 
Solyom, A., and Trams, E.G. (1972). Enzyme markers in characterization of isolated plasma 
membranes. Enzyme 13, 329-372. 
 
 196 
Sulakhe, S.J. (1987). Hepatic adrenergic receptors in the genetically diabetic C57 BL/KsJ (db/db) 
mouse. Int. J. Biochem. 19, 1181-1186. 
Vegiopoulos, A., and Herzig, S. (2007). Glucocorticoids, metabolism and metabolic diseases. Mol. 
Cell. Endocrinol. 275, 43-61. 
Vigh, L., Nakamoto, H., Landry, J., Gomez-Munoz, A., Harwood, J.L., and Horvath, I. (2007). 
Membrane regulation of the stress response from prokaryotic models to mammalian cells. Ann. N. Y. 
Acad. Sci. 1113, 40-51. 
Zehmer, J.K., and Hazel, J.R. (2004). Membrane order conservation in raft and non-raft regions of 
hepatocyte plasma membranes from thermally acclimated rainbow trout. Biochimica Et Biophysica 




Alsop, D., Ings, J.S., Vijayan, M.M., and Earley, R.L. (2009). Adrenocorticotropic Hormone 
Suppresses Gonadotropin-Stimulated Estradiol Release from Zebrafish Ovarian Follicles. PloS One 4, 
388-390. 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: A role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
Berzosa, C., Gómez–Trullén, E., Piedrafita, E., Cebrián, I., Martínez–Ballarín, E., Miana–Mena, F., 
Fuentes–Broto, L., and García, J. (2010). Erythrocyte membrane fluidity and indices of plasmatic 
oxidative damage after acute physical exercise in humans. Eur. J. Appl. Physiol. 111, 1127-1133. 
Billing, A.M., Revets, D., Hoffmann, C., Turner, J.D., Vernocchi, S., and Muller, C.P. (2012). 
Proteomic profiling of rapid non-genomic and concomitant genomic effects of acute restraint stress 
on rat thymocytes. Journal of Proteomics. 75, 2064-2079. 
Boldizsar, F., Talaber, G., Szabo, M., Bartis, D., Palinkas, L., Nemeth, P., and Berki, T. (2010). 
Emerging pathways of non-genomic glucocorticoid (GC) signalling in T cells. Immunobiology 215, 
521-526. 
Borski, R.J., Hyde, G.N., and Fruchtman, S. (2002). Signal transduction mechanisms mediating rapid, 
nongenomic effects of cortisol on prolactin release. Steroids 67, 539-548. 
Butler, P.J., Tsou, T.C., Li, J.Y.S., Usami, S., and Chien, S. (2002). Rate sensitivity of shear-induced 
changes in the lateral diffusion of endothelial cell membrane lipids: a role for membrane perturbation 
in shear-induced MAPK activation. The FASEB Journal 16, 216-218. 
Charmandari, E., Tsigos, C., and Chrousos, G. (2005). Endocrinology of the stress response 1. Annu. 
Rev. Physiol. 67, 259-284. 
Chung, D., Lloyd, G.P., Thomas, R.H., Guglielmo, C.G., and Staples, J.F. (2011). Mitochondrial 
respiration and succinate dehydrogenase are suppressed early during entrance into a hibernation bout, 
but membrane remodeling is only transient. Journal of Comparative Physiology B: Biochemical, 
Systemic, and Environmental Physiology 181, 699-711. 
 
 197 
Clement, A.B., Gimpl, G., and Behl, C. (2010). Oxidative stress resistance in hippocampal cells is 
associated with altered membrane fluidity and enhanced nonamyloidogenic cleavage of endogenous 
amyloid precursor protein. Free Radical Biology and Medicine 48, 1236-1241. 
Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. (2012). Novel 
nongenomic signaling by glucocorticoid may involve changes to liver membrane order in rainbow 
trout. PloS One 7, e46859. 
Gordon, L.M., Sauerheber, R.D., Esgate, J.A., Dipple, I., Marchmont, R.J., and Houslay, M.D. 
(1980). The increase in bilayer fluidity of rat liver plasma membranes achieved by the local anesthetic 
benzyl alcohol affects the activity of intrinsic membrane enzymes. J. Biol. Chem. 255, 4519. 
Gravel, A., Wilson, J.M., Pedro, D.F.N., and Vijayan, M.M. (2009). Non-steroidal anti-inflammatory 
drugs disturb the osmoregulatory, metabolic and cortisol responses associated with seawater exposure 
in rainbow trout. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 
149, 481-490. 
Groeneweg, F.L., Karst, H., de Kloet, E.R., and Joëls, M. (2012). Mineralocorticoid and 
glucocorticoid receptors at the neuronal membrane, regulators of nongenomic corticosteroid 
signalling. Mol. Cell. Endocrinol. 350, 299-309. 
Kapitulnik, J., Weil, E., and Rabinowitz, R. (1986). Glucocorticoids increase the fluidity of the fetal-
rat liver microsomal membrane in the perinatal period. Biochem. J. 239, 41-45. 
Lande, M.B., Donovan, J.M., and Zeidel, M.L. (1995). The relationship between membrane fluidity 
and permeabilities to water, solutes, ammonia, and protons. J. Gen. Physiol. 106, 67-84. 
Lasserre, R., Guo, X.J., Conchonaud, F., Hamon, Y., Hawchar, O., Bernard, A.M., Soudja, S.M.H., 
Lenne, P.F., Rigneault, H., and Olive, D. (2008). Raft nanodomains contribute to Akt/PKB plasma 
membrane recruitment and activation. Nature Chemical Biology 4, 538-547. 
Lei, B., Morris, D.P., Smith, M.P., and Schwinn, D.A. (2009). Lipid rafts constrain basal [alpha] 1A-
adrenergic receptor signaling by maintaining receptor in an inactive conformation. Cell. Signal. 21, 
1532-1539. 
Lingwood, D., and Simons, K. (2010). Lipid rafts as a membrane-organizing principle. Science 327, 
46-50. 
Löwenberg, M., Tuynman, J., Scheffer, M., Verhaar, A., Vermeulen, L., van Deventer, S., Hommes, 
D., and Peppelenbosch, M. (2006). Kinome analysis reveals nongenomic glucocorticoid receptor-
dependent inhibition of insulin signaling. Endocrinology 147, 3555-3562. 
Makara, G.B., and Haller, J. (2001). Non-genomic effects of glucocorticoids in the neural system:: 
Evidence, mechanisms and implications. Prog. Neurobiol. 65, 367-390. 
McGuire, A., Aluru, N., Takemura, A., Weil, R., Wilson, J.M., and Vijayan, M.M. (2010). 
Hyperosmotic shock adaptation by cortisol involves upregulation of branchial osmotic stress 
transcription factor 1 gene expression in Mozambique Tilapia. Gen. Comp. Endocrinol. 165, 321-329. 
 
 198 
Meikle, A.W., WEST, S.C., WEED, J.A., and TYLER, F.H. (1975). Single Dose Metyrapone Test: 
11β-Hydroxylase Inhibition by Metyrapone and Reduced Metyrapone Assayed by 
Radioimmunoassay. Journal of Clinical Endocrinology & Metabolism 40, 290-295. 
Melchior, D.L., and Czech, M.P. (1979). Sensitivity of the adipocyte D-glucose transport system to 
membrane fluidity in reconstituted vesicles. J. Biol. Chem. 254, 8744. 
Moores, B., Drolle, E., Attwood, S.J., Simons, J., and Leonenko, Z. (2011). Effect of Surfaces on 
Amyloid Fibril Formation. PloS One 6, e25954. 
Nagy, E., Balogi, Z., Gombos, I., Åkerfelt, M., Björkbom, A., Balogh, G., Török, Z., Maslyanko, A., 
Fiszer-Kierzkowska, A., and Lisowska, K. (2007). Hyperfluidization-coupled membrane 
microdomain reorganization is linked to activation of the heat shock response in a murine melanoma 
cell line. Proceedings of the National Academy of Sciences 104, 7945. 
Pilch, P.F., Thompson, P.A., and Czech, M.P. (1980). Coordinate modulation of D-glucose transport 
activity and bilayer fluidity in plasma membranes derived from control and insulin-treated adipocytes. 
Proceedings of the National Academy of Sciences USA 77, 915-918. 
Prunet, P., Cairns, M.T., Winberg, S., and Pottinger, T.G. (2008). Functional genomics of stress 
responses in fish. Rev. Fish. Sci. 16, 157-166. 
Raghavendra, P.B., Sreenivasan, Y., and Manna, S.K. (2007). Oleandrin induces apoptosis in human, 
but not in murine cells: Dephosphorylation of Akt, expression of FasL, and alteration of membrane 
fluidity. Mol. Immunol. 44, 2292-2302. 
Rhode, S., Grurl, R., Brameshuber, M., Hermetter, A., and Schütz, G.J. (2009). Plasma membrane 
fluidity affects transient immobilization of oxidized phospholipids in endocytotic sites for subsequent 
uptake. J. Biol. Chem. 284, 2258-2265. 
Rodrigues, C.M.P., Sola, S., Castro, R.E., Laires, P.A., Brites, D., and Moura, J.J.G. (2002). 
Perturbation of membrane dynamics in nerve cells as an early event during bilirubin-induced 
apoptosis. J. Lipid Res. 43, 885-894. 
Rodriguez-Vargas, S., Sanchez-Garcia, A., Martinez-Rivas, J.M., Prieto, J.A., and Randez-Gil, F. 
(2006). Fluidization of Membrane lipids enhances tolerance of freezing and salt stress by 
Saccharomyces cerevisiae. Appl. Environ. Microbiol. AEM. 01360-06v1. 
Sandhu, N., and Vijayan, M.M. (2011). Cadmium-mediated disruption of cortisol biosynthesis 
involves suppression of corticosteroidogenic genes in rainbow trout. Aquatic Toxicology 103, 92-
100. 
Sangwan, V., Örvar, B.L., Beyerly, J., Hirt, H., and Dhindsa, R.S. (2002). Opposite changes in 
membrane fluidity mimic cold and heat stress activation of distinct plant MAP kinase pathways. The 
Plant Journal 31, 629-638. 
Sapolsky, R.M., Romero, L.M., and Munck, A.U. (2000). How do glucocorticoids influence stress 




Sergent, O., Pereira, M., Belhomme, C., Chevanne, M., Huc, L., and Lagadic-Gossmann, D. (2005). 
Role for membrane fluidity in ethanol-induced oxidative stress of primary rat hepatocytes. J. 
Pharmacol. Exp. Ther. 313, 104-111. 
Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature 387, 569-572. 
Slater, S.J., Kelly, M.B., Taddeo, F.J., Ho, C., Rubin, E., and Stubbs, C.D. (1994). The modulation of 
protein kinase C activity by membrane lipid bilayer structure. J. Biol. Chem. 269, 4866-4871. 
Solito, E., Mulla, A., Morris, J.F., Christian, H.C., Flower, R.J., and Buckingham, J.C. (2003). 
Dexamethasone induces rapid serine-phosphorylation and membrane translocation of annexin 1 in a 
human folliculostellate cell line via a novel nongenomic mechanism involving the glucocorticoid 
receptor, protein kinase C, phosphatidylinositol 3-kinase, and mitogen-activated protein kinase. 
Endocrinology 144, 1164-1174. 
Sulakhe, S.J. (1987). Hepatic adrenergic receptors in the genetically diabetic C57 BL/KsJ (db/db) 
mouse. Int. J. Biochem. 19, 1181-1186. 
Thomas, R.H., Price, E.R., Seewagen, C.L., Mackenzie, S.A., Bernards, M.A., and Guglielmo, C.G. 
(2010). Use of TLC‐FID and GC‐MS/FID to examine the effects of migratory state, diet and captivity 
on preen wax composition in White‐throated Sparrows Zonotrichia albicollis. Ibis 152, 782-792. 
Van Meer, G., Voelker, D.R., and Feigenson, G.W. (2008). Membrane lipids: where they are and how 
they behave. Nature Reviews Molecular Cell Biology 9, 112-124. 
Vegiopoulos, A., and Herzig, S. (2007). Glucocorticoids, metabolism and metabolic diseases. Mol. 
Cell. Endocrinol. 275, 43-61. 
Verstraeten, S.V., Mackenzie, G.G., and Oteiza, P.I. (2010). The plasma membrane plays a central 
role in cells response to mechanical stress. Biochimica Et Biophysica Acta (BBA)-Biomembranes 
1798, 1739-1749 
Vigh, L., Nakamoto, H., Landry, J., Gomez-Munoz, A., Harwood, J.L., and Horvath, I. (2007). 
Membrane regulation of the stress response from prokaryotic models to mammalian cells. Ann. N. Y. 
Acad. Sci. 1113, 40-51. 
Chapter 4 
Aggeli, I.K.S., Gaitanaki, C., Lazou, A., and Beis, I. (2002). Hyperosmotic and thermal stresses 
activate p38-MAPK in the perfused amphibian heart. J. Exp. Biol. 205, 443-454. 
Agnisola, C., Masullo, P., and Mustafa, T. (2004). Short-term responses of coronary circulation to 
cortisol and estrogen in trout (Oncorhynchus mykiss). Gen. Comp. Endocrinol. 135, 210-216. 
Altarejos, J.Y., and Montminy, M. (2011). CREB and the CRTC co-activators: sensors for hormonal 
and metabolic signals. Nature Reviews Molecular Cell Biology 12, 141-151. 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: A role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
 
 200 
Aluru, N., and Vijayan, M.M. (2007). Hepatic transcriptome response to glucocorticoid receptor 
activation in rainbow trout. Physiological Genomics 31, 483-491. 
Andrews, M.H., Wood, S.A., Windle, R.J., Lightman, S.L., and Ingram, C.D. (2012). Acute 
glucocorticoid administration rapidly suppresses basal and stress-induced hypothalamo-pituitary-
adrenal axis activity. Endocrinology 153, 200-211. 
Ayroldi, E., Cannarile, L., Migliorati, G., Nocentini, G., Delfino, D.V., and Riccardi, C. (2012). 
Mechanisms of the anti-inflammatory effects of glucocorticoids: genomic and nongenomic 
interference with MAPK signaling pathways. The FASEB Journal doi: 10.1096/fj.12-216382 fj.12-
216382 
Balogh, G., Horváth, I., Nagy, E., Hoyk, Z., Benkõ, S., Bensaude, O., and Vígh, L. (2005). The 
hyperfluidization of mammalian cell membranes acts as a signal to initiate the heat shock protein 
response. FEBS Journal 272, 6077-6086. 
Baqué, S., Roca, À., Guinovart, J.J., and Gómez‐foix, A.M. (2004). Direct activating effects of 
dexamethasone on glycogen metabolizing enzymes in primary cultured rat hepatocytes. European 
Journal of Biochemistry 236, 772-777. 
Basu, N., Nakano, T., Grau, E.G., and Iwama, G.K. (2001). The Effects of Cortisol on Heat Shock 
Protein 70 Levels in Two Fish Species. Gen. Comp. Endocrinol. 124, 97-105. 
Beck, C.A., Weigel, N.L., Moyer, M.L., Nordeen, S.K., and Edwards, D.P. (1993). The progesterone 
antagonist RU486 acquires agonist activity upon stimulation of cAMP signaling pathways. 
Proceedings of the National Academy of Sciences 90, 4441-4445. 
Bergan, H.E., Kittilson, J.D., and Sheridan, M.A. (2011). Nutrition-regulated lipolysis in rainbow 
trout (Oncorhynchus mykiss) is associated with alterations in the ERK, PI3K-Akt, JAK-STAT, and 
PKC signaling pathways. Gen. Comp. Endocrinol. 176, 367-376. 
Berridge, M.J., Bootman, M.D., and Roderick, H.L. (2003). Calcium signalling: dynamics, 
homeostasis and remodelling. Nature Reviews Molecular Cell Biology 4, 517-529. 
Borski, R.J. (2000). Nongenomic membrane actions of glucocorticoids in vertebrates. Trends in 
Endocrinology and Metabolism 11, 427-436. 
Borski, R.J., Hyde, G.N., and Fruchtman, S. (2002). Signal transduction mechanisms mediating rapid, 
nongenomic effects of cortisol on prolactin release. Steroids 67, 539-548. 
Christ, M., Günther, A., Heck, M., Schmidt, B.M.W., Falkenstein, E., and Wehling, M. (1999). 
Aldosterone, not estradiol, is the physiological agonist for rapid increases in cAMP in vascular 
smooth muscle cells. Circulation 99, 1485-1491. 
Clark, A.R., Dean, J.L.E., and Saklatvala, J. (2003). Post-transcriptional regulation of gene expression 
by mitogen-activated protein kinase p38. FEBS Lett. 546, 37-44. 
 
 201 
Cote-Vélez, A., Pérez-Martínez, L., Charli, J.L., and Joseph-Bravo, P. (2008). The PKC and 
ERK/MAPK pathways regulate glucocorticoid action on TRH transcription. Neurochem. Res. 33, 
1582-1591. 
Di, S., Malcher-Lopes, R., Halmos, K.C., and Tasker, J.G. (2003). Nongenomic glucocorticoid 
inhibition via endocannabinoid release in the hypothalamus: a fast feedback mechanism. The Journal 
of Neuroscience 23, 4850-4857. 
Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. (2012). Novel 
nongenomic signaling by glucocorticoid may involve changes to liver membrane order in rainbow 
trout. PloS One 7, e46859. 
Duncan, R.E., Ahmadian, M., Jaworski, K., Sarkadi-Nagy, E., and Sul, H.S. (2007). Regulation of 
lipolysis in adipocytes. Annu. Rev. Nutr. 27, 79-101. 
Ghosh, M.C., and Ray, A.K. (2012). Regulation of cytochrome P4501A by protein kinase C: the role 
of heat shock protein70. Journal of Cell Communication and Signaling 6, 37-44. 
Gomez-Munoz, A., Hales, P., Brindley, D., and Sancho, M. (1989). Rapid activation of glycogen 
phosphorylase by steroid hormones in cultured rat hepatocytes. Biochem. J. 262, 417. 
Gordon, L., Sauerheber, R., Esgate, J., Dipple, I., Marchmont, R., and Houslay, M. (1980). The 
increase in bilayer fluidity of rat liver plasma membranes achieved by the local anesthetic benzyl 
alcohol affects the activity of intrinsic membrane enzymes. J. Biol. Chem. 255, 4519-4527. 
Grafer, C.M., Thomas, R., Lambrakos, L., Montoya, I., White, S., and Halvorson, L.M. (2009). 
GnRH stimulates expression of PACAP in the pituitary gonadotropes via both the PKA and PKC 
signaling systems. Molecular Endocrinology 23, 1022-1032. 
Groeneweg, F.L., Karst, H., de Kloet, E.R., and Joëls, M. (2012). Mineralocorticoid and 
glucocorticoid receptors at the neuronal membrane, regulators of nongenomic corticosteroid 
signalling. Mol. Cell. Endocrinol. 350, 299-309. 
Herzig, S., Long, F., Jhala, U.S., Hedrick, S., Quinn, R., Bauer, A., Rudolph, D., Schutz, G., Yoon, 
C., and Puigserver, P. (2001). CREB regulates hepatic gluconeogenesis through the coactivator PGC-
1. Nature 413, 179-183. 
Hoene, M., and Weigert, C. (2010). The stress response of the liver to physical exercise. Exerc. 
Immunol. Rev. 16, 163-183. 
Huang, H., Kamm, R.D., and Lee, R.T. (2004). Cell mechanics and mechanotransduction: pathways, 
probes, and physiology. American Journal of Physiology-Cell Physiology 287, C1-C11. 
Imai, E., Miner, J., Mitchell, J., Yamamoto, K., and Granner, D. (1993). Glucocorticoid receptor-
cAMP response element-binding protein interaction and the response of the phosphoenolpyruvate 
carboxykinase gene to glucocorticoids. J. Biol. Chem. 268, 5353-5356. 
 
 202 
Ings, J., George, N., Peter, M., Servos, M., and Vijayan, M. (2011). Venlafaxine and atenolol disrupt 
epinephrine-stimulated glucose production in rainbow trout hepatocytes. Aquatic Toxicology  
Iwama, G.K., Vijayan, M.M., Forsyth, R.B., and Ackerman, P.A. (1999). Heat shock proteins and 
physiological stress in fish. Am. Zool. 39, 901-909. 
Jiang, G., and Zhang, B.B. (2003). Glucagon and regulation of glucose metabolism. American Journal 
of Physiology-Endocrinology and Metabolism 284, E671-E678. 
Kassel, O., and Herrlich, P. (2007). Crosstalk between the glucocorticoid receptor and other 
transcription factors: molecular aspects. Mol. Cell. Endocrinol. 275, 13-29. 
Kassel, O., Sancono, A., Krätzschmar, J., Kreft, B., Stassen, M., and Cato, A.C.B. (2001). 
Glucocorticoids inhibit MAP kinase via increased expression and decreased degradation of MKP-1. 
EMBO J. 20, 7108-7116. 
Kolodziej, M.P., and Zammit, V.A. (1990). Sensitivity of inhibition of rat liver mitochondrial outer-
membrane carnitine palmitoyltransferase by malonyl-CoA to chemical-and temperature-induced 
changes in membrane fluidity. Biochem. J. 272, 421. 
Lee, S.R., Kim, H.K., Youm, J.B., Dizon, L.A., Song, I.S., Jeong, S.H., Seo, D.Y., Ko, K.S., Rhee, 
B.D., and Kim, N. (2012). Non-genomic effect of glucocorticoids on cardiovascular system. Pflügers 
Archiv European Journal of Physiology 1-11. 
Liu, J., Park, E., Gurney, A., Roesler, W., and Hanson, R. (1991). Cyclic AMP induction of 
phosphoenolpyruvate carboxykinase (GTP) gene transcription is mediated by multiple promoter 
elements. J. Biol. Chem. 266, 19095-19102. 
Lösel, R., and Wehling, M. (2003). Nongenomic actions of steroid hormones. Nature Reviews 
Molecular Cell Biology 4, 46-55. 
Matthews, L., Berry, A., Ohanian, V., Ohanian, J., Garside, H., and Ray, D. (2008). Caveolin 
mediates rapid glucocorticoid effects and couples glucocorticoid action to the antiproliferative 
program. Molecular Endocrinology 22, 1320-1330. 
Mayr, B., and Montminy, M. (2001). Transcriptional regulation by the phosphorylation-dependent 
factor CREB. Nature Reviews Molecular Cell Biology 2, 599-609. 
McKinley, S.J., and Hazel, J.R. (2000). Does membrane fluidity contribute to thermal compensation 
of beta-adrenergic signal transduction in isolated trout hepatocytes? J. Exp. Biol. 203, 631-640. 
Mitranic, M., Boggs, J., and Moscarello, M. (1982). The effect of linoleic acid and benzyl alcohol on 
the activity of glycosyltransferases of rat liver Golgi membranes and some soluble 
glycosyltransferases. Biochimica Et Biophysica Acta (BBA)-Biomembranes 693, 75-84. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. (1999). Cortisol in teleosts: dynamics, mechanisms 
of action and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
 
 203 
Nieuwenhuis, B., Lüth, A., and Kleuser, B. (2010). Dexamethasone protects human fibroblasts from 
apoptosis via an S1P3-receptor subtype dependent activation of PKB/Akt and BclXL. Pharmacological 
Research 61, 449-459. 
Oishi, K., Amagai, N., Shirai, H., Kadota, K., Ohkura, N., and Ishida, N. (2005). Genome-wide 
expression analysis reveals 100 adrenal gland-dependent circadian genes in the mouse liver. DNA 
Research 12, 191-202. 
Park, Y.S., Ha Choi, Y., Park, C.H., and Kim, K.T. (2008). Nongenomic Glucocorticoid Effects on 
Activity-Dependent Potentiation of Catecholamine Release in Chromaffin Cells. Endocrinology 149, 
4921-4927. 
Poulsen, R.C., Carr, A.J., and Hulley, P.A. (2011). Protection against glucocorticoid-induced damage 
in human tenocytes by modulation of ERK, Akt, and forkhead signaling. Endocrinology 152, 503-
514. 
Puig, O., and Tjian, R. (2005). Transcriptional feedback control of insulin receptor by 
dFOXO/FOXO1. Genes Dev. 19, 2435-2446. 
Qi, A.Q., Qiu, J., Xiao, L., and Chen, Y.Z. (2005). Rapid activation of JNK and p38 by 
glucocorticoids in primary cultured hippocampal cells. J. Neurosci. Res. 80, 510-517. 
Qiu, J., Wang, C., Huang, X., and Chen, Y. (2003). Nongenomic mechanism of glucocorticoid 
inhibition of bradykinin-induced calcium influx in PC12 cells: possible involvement of protein kinase 
C. Life Sci. 72, 2533-2542. 
Ramnanan, C., Edgerton, D., Kraft, G., and Cherrington, A. (2011). Physiologic action of glucagon 
on liver glucose metabolism. Diabetes, Obesity and Metabolism 13, 118-125. 
Roberts, C.J., Nelson, B., Marton, M.J., Stoughton, R., Meyer, M.R., Bennett, H.A., He, Y.D., Dai, 
H., Walker, W.L., and Hughes, T.R. (2000). Signaling and circuitry of multiple MAPK pathways 
revealed by a matrix of global gene expression profiles. Science Signalling 287, 873-880. 
Rose, A.J., Vegiopoulos, A., and Herzig, S. (2010). Role of glucocorticoids and the glucocorticoid 
receptor in metabolism: Insights from genetic manipulations. J. Steroid Biochem. Mol. Biol. 122, 10-
20. 
Roy, B., and Rai, U. (2009). Genomic and non-genomic effect of cortisol on phagocytosis in 
freshwater teleost Channa punctatus: an in vitro study. Steroids 74, 449-455. 
Samuel, V.T., Petersen, K.F., and Shulman, G.I. (2010). Lipid-induced insulin resistance: unravelling 
the mechanism. The Lancet 375, 2267-2277. 
Sandhu, N., and Vijayan, M.M. (2011). Cadmium-mediated disruption of cortisol biosynthesis 




Sathiyaa, R., Campbell, T., and Vijayan, M.M. (2001). Cortisol modulates HSP90 mRNA expression 
in primary cultures of trout hepatocytes. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology 129, 679-685. 
Solito, E., Mulla, A., Morris, J.F., Christian, H.C., Flower, R.J., and Buckingham, J.C. (2003). 
Dexamethasone induces rapid serine-phosphorylation and membrane translocation of annexin 1 in a 
human folliculostellate cell line via a novel nongenomic mechanism involving the glucocorticoid 
receptor, protein kinase C, phosphatidylinositol 3-kinase, and mitogen-activated protein kinase. 
Endocrinology 144, 1164-1174. 
Song, G., Ouyang, G., and Bao, S. (2007). The activation of Akt/PKB signaling pathway and cell 
survival. J. Cell. Mol. Med. 9, 59-71. 
Stahn, C., and Buttgereit, F. (2008). Genomic and nongenomic effects of glucocorticoids. Nature 
Clinical Practice Rheumatology 4, 525-533. 
Sunny, F., Lakshmy, P.S., and Oommen, O.V. (2002). Rapid action of cortisol and testosterone on 
lipogenic enzymes in a fresh water fish Oreochromis mossambicus: short-term in vivo and in vitro 
study. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 131, 
297-304. 
Sunny, F., and Oommen, O.V. (2001). Rapid action of glucocorticoids on branchial ATPase activity 
in Oreochromis mossambicus: an in vivo and in vitro study. Comparative Biochemistry and 
Physiology Part B: Biochemistry and Molecular Biology 130, 323-330. 
Taniguchi, C.M., Kondo, T., Sajan, M., Luo, J., Bronson, R., Asano, T., Farese, R., Cantley, L.C., and 
Kahn, C.R. (2006). Divergent regulation of hepatic glucose and lipid metabolism by phosphoinositide 
3-kinase via Akt and PKCλ/ζ. Cell Metabolism 3, 343-353. 
Tasker, J.G., Di, S., and Malcher-Lopes, R. (2006). Rapid glucocorticoid signaling via membrane-
associated receptors. Endocrinology 147, 5549. 
Vigh, L., Maresca, B., and Harwood, J.L. (1998). Does the membrane's physical state control the 
expression of heat shock and other genes? Trends Biochem. Sci. 23, 369-374. 
Yabaluri, N., and Bashyam, M.D. (2010). Hormonal regulation of gluconeogenic gene transcription in 
the liver. J. Biosci. 35, 473-484. 
Zhang, Y., Sheng, H., Qi, J., Ma, B., Sun, J., Li, S., and Ni, X. (2012). Glucocorticoid acts on a 
putative G protein-coupled receptor to rapidly regulate the activity of NMDA receptors in 





Abcouwer, S.F., Bode, B.P., and Souba, W.W. (1995). Glucocorticoids regulate rat glutamine 
synthetase expression in a tissue-specific manner. J. Surg. Res. 59, 59-65. 
 
 205 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: A role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
Borski, R.J. (2000). Nongenomic membrane actions of glucocorticoids in vertebrates.Trends in 
Endocrinology and Metabolism 11, 427-436. 
Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. (2012). Novel 
nongenomic signaling by glucocorticoid may involve changes to liver membrane order in rainbow 
trout. PloS One 7, e46859. 
Gomez-Munoz, A., Hales, P., Brindley, D., and Sancho, M. (1989). Rapid activation of glycogen 
phosphorylase by steroid hormones in cultured rat hepatocytes. Biochem. J. 262, 417-423. 
Jordan, J., Zare, A., Jackson, L.J., Habibi, H.R., and Weljie, A.M. (2011). Environmental 
Contaminant Mixtures at Ambient Concentrations Invoke a Metabolic Stress Response in Goldfish 
Not Predicted from Exposure to Individual Compounds Alone. Journal of Proteome Research 11, 
1133-1143. 
Lidman, U., Dave, G., Johansson-Sjöbeck, M.L., Larsson, Å., and Lewander, K. (1979). Metabolic 
effects of cortisol in the European eel, Anguilla anguilla. Comparative Biochemistry and Physiology 
Part A: Physiology 63, 339-344. 
Malmberg, S.E., and Adams, C.M. (2008). Insulin Signaling and the General Amino Acid Control 
Response Two distinct pathways to amino acid synthesis and uptake. J. Biol. Chem. 283, 19229-
19234. 
McCormick, S.D. (1993). Methods for nonlethal gill biopsy and measurement of Na , K -ATPase 
activity. Can. J. Fish. Aquat. Sci. 50, 656-658. 
McDonald, M.D., Vulesevic, B., Perry, S.F., and Walsh, P.J. (2009). Urea transporter and glutamine 
synthetase regulation and localization in gulf toadfish gill. J. Exp. Biol. 212, 704-712. 
McMahon, M., Gerich, J., and Rizza, R. (2009). Effects of glucocorticoids on carbohydrate 
metabolism. Diabetes. Metab. 4, 17-30. 
Milligan, C.L. (2003). A regulatory role for cortisol in muscle glycogen metabolism in rainbow trout 
Oncorhynchus mykiss Walbaum. J. Exp. Biol. 206, 3167-3173. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. (1999). Cortisol in teleosts: dynamics, mechanisms 
of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
Murota, S., Koshihara, Y., and Tsurufuji, S. (1976). Effects of cortisol and tetrahydrocortisol on the 
cloned fibroblast derived from rat carrageenin granuloma. Biochem. Pharmacol. 25, 1107-1113. 
Oakhill, J.S., Steel, R., Chen, Z.P., Scott, J.W., Ling, N., Tam, S., and Kemp, B.E. (2011). AMPK is a 
direct adenylate charge-regulated protein kinase. Science Signalling 332, 1433-1435. 
 
 206 
Orman, M.A., Berthiaume, F., Androulakis, I.P., and Ierapetritou, M.G. (2011). Pathway analysis of 
liver metabolism under stressed condition. J. Theor. Biol. 272, 131-140. 
Peckett, A.J., Wright, D.C., and Riddell, M.C. (2011). The effects of glucocorticoids on adipose 
tissue lipid metabolism. Metab. Clin. Exp. 60, 1500-1510. 
Rose, A.J., Vegiopoulos, A., and Herzig, S. (2010). Role of glucocorticoids and the glucocorticoid 
receptor in metabolism: Insights from genetic manipulations. J. Steroid Biochem. Mol. Biol. 122, 10-
20. 
Sandhu, N., and Vijayan, M.M. (2011). Cadmium-mediated disruption of cortisol biosynthesis 
involves suppression of corticosteroidogenic genes in rainbow trout. Aquatic Toxicology 103, 92-
100. 
Sapolsky, R.M., Romero, L.M., and Munck, A.U. (2000). How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 
55-89. 
Schmid, E., Schmid, W., Jantzen, M., Mayer, D., Jastorff, B., and Schütz, G. (1987). Transcription 
activation of the tyrosine aminotransferase gene by glucocorticoids and cAMP in primary 
hepatocytes. European Journal of Biochemistry 165, 499-506. 
Sunny, F., Lakshmy, P.S., and Oommen, O.V. (2002). Rapid action of cortisol and testosterone on 
lipogenic enzymes in a fresh water fish Oreochromis mossambicus: short-term in vivo and in vitro 
study. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 131, 
297-304. 
Vegiopoulos, A., and Herzig, S. (2007). Glucocorticoids, metabolism and metabolic diseases. Mol. 
Cell. Endocrinol. 275, 43-61. 
Vijayan, M., Mommsen, T., GlÉMet, H., and Moon, T. (1996). Metabolic effects of cortisol treatment 
in a marine teleost, the sea raven. J. Exp. Biol. 199, 1509-1514. 
Vijayan, M.M., Aluru, N., Maule, A.G., and Jørgensen, E.H. (2006). Fasting augments PCB impact 
on liver metabolism in anadromous arctic char. Toxicological Sciences 91, 431-439. 
Vijayan, M.M., Raptis, S., and Sathiyaa, R. (2003). Cortisol treatment affects glucocorticoid receptor 
and glucocorticoid-responsive genes in the liver of rainbow trout. Gen. Comp. Endocrinol. 132, 256-
263. 
Vijayan, M., Reddy, P., Leatherland, J., and Moon, T. (1994). The effects of cortisol on hepatocyte 
metabolism in rainbow trout: a study using the steroid analogue RU486. Gen. Comp. Endocrinol. 96, 
75-84. 
Viru, A., and Éller, A. (1976). Adrenocortical regulation of protein metabolism during prolonged 
physical exertion. Bull. Exp. Biol. Med. 82, 1793-1796. 
 
 207 
Yabaluri, N., and Bashyam, M.D. (2010). Hormonal regulation of gluconeogenic gene transcription in 
the liver. J. Biosci. 35, 473-484. 
 
Chapter 6 
Aluru, N., and Vijayan, M.M. (2009). Stress transcriptomics in fish: a role for genomic cortisol 
signaling. Gen. Comp. Endocrinol. 164, 142-150. 
Bonga, S.E.W. (1997). The stress response in fish. Physiol. Rev. 77, 591-625. 
Borski, R.J. (2000). Nongenomic membrane actions of glucocorticoids vertebrates. Trends in 
Endocrinology and Metabolism 11, 427-436. 
Borski, R.J., Hyde, G.N., and Fruchtman, S. (2002). Signal transduction mechanisms mediating rapid, 
nongenomic effects of cortisol on prolactin release. Steroids 67, 539-548. 
Cao, W., Collins, Q.F., Becker, T.C., Robidoux, J., Lupo, E.G., Xiong, Y., Daniel, K.W., Floering, 
L., and Collins, S. (2005). p38 Mitogen-activated protein kinase plays a stimulatory role in hepatic 
gluconeogenesis. J. Biol. Chem. 280, 42731-42737. 
Collins, Q.F., Xiong, Y., Lupo, E.G., Liu, H.Y., and Cao, W. (2006). p38 Mitogen-activated protein 
kinase mediates free fatty acid-induced gluconeogenesis in hepatocytes. J. Biol. Chem. 281, 24336-
24344. 
Dindia, L., Murray, J., Faught, E., Davis, T.L., Leonenko, Z., and Vijayan, M.M. (2012). Novel 
nongenomic signaling by glucocorticoid may involve changes to liver membrane order in rainbow 
trout. PloS One 7, e46859. 
Dugan, S., and Moon, T. (1998). Cortisol does not affect hepatic α-and β-adrenoceptor properties in 
rainbow trout (Oncorhynchus mykiss). Fish Physiol. Biochem. 18, 343-352. 
Escribá, P.V., Wedegaertner, P.B., Goñi, F.M., and Vögler, O. (2007). Lipid–protein interactions in 
GPCR-associated signaling. Biochimica Et Biophysica Acta (BBA)-Biomembranes 1768, 836-852. 
Evinger, M.J., Powers, J.F., and Tischler, A.S. (2007). Transcriptional silencing of glucocorticoid-
inducible phenylethanolamine N-methyltransferase expression by sequential signaling events. Exp. 
Cell Res. 313, 772-781. 
Exton, J. (2009). Mechanisms of hormonal regulation of hepatic glucose metabolism. Diabetes. 
Metab. 3, 163-183. 
Fabbri, E., Capuzzo, A., and Moon, T.W. (1998). The role of circulating catecholamines in the 
regulation of fish metabolism: an overview. Comparative Biochemistry and Physiology Part C: 
Pharmacology, Toxicology and Endocrinology 120, 177-192. 
Hanski, E., Rimon, G., and Levitzki, A. (1979). Adenylate cyclase activation by the. beta.-adrenergic 
receptors as a diffusion-controlled process. Biochemistry (N. Y. ) 18, 846-853. 
 
 208 
Hirata, F., Strittmatter, W.J., and Axelrod, J. (1979). beta-Adrenergic receptor agonists increase 
phospholipid methylation, membrane fluidity, and beta-adrenergic receptor-adenylate cyclase 
coupling. Proceedings of the National Academy of Sciences 76, 368-372. 
Hwang, O., and Joh, T.H. (1993). Effects of cAMP, glucocorticoids, and calcium on dopamine β-
hydroxylase gene expression in bovine chromaffin cells. Journal of Molecular Neuroscience 4, 173-
183. 
Ings, J., George, N., Peter, M., Servos, M., and Vijayan, M. (2011). Venlafaxine and atenolol disrupt 
epinephrine-stimulated glucose production in rainbow trout hepatocytes. Aquatic Toxicology. 106-
107, 48-55.  
Jansson, D., Ng, A.C.H., Fu, A., Depatie, C., Al Azzabi, M., and Screaton, R.A. (2008). Glucose 
controls CREB activity in islet cells via regulated phosphorylation of TORC2. Proceedings of the 
National Academy of Sciences USA 105, 10161-10166. 
Jiang, G., and Zhang, B.B. (2003). Glucagon and regulation of glucose metabolism. American Journal 
of Physiology-Endocrinology and Metabolism 284, E671-E678. 
Kanda, Y., and Watanabe, Y. (2009). Adrenaline increases glucose transport via a Rap1‐p38MAPK 
pathway in rat vascular smooth muscle cells. Br. J. Pharmacol. 151, 476-482. 
Kassel, O., Sancono, A., Krätzschmar, J., Kreft, B., Stassen, M., and Cato, A.C.B. (2001). 
Glucocorticoids inhibit MAP kinase via increased expression and decreased degradation of MKP-1. 
EMBO J. 20, 7108-7116. 
Kishi, Y., and Numano, F. (1982). A study of the mechanism of estrogen as an antiatherosclerotic: the 
inhibitory effect of estrogen on A23187-induced contraction of the aortic wall. Mech. Ageing Dev. 
18, 115-123. 
Kyrou, I., and Tsigos, C. (2009). Stress hormones: physiological stress and regulation of metabolism. 
Current Opinion in Pharmacology 9, 787-793. 
Leonard, M.O., Howell, K., Madden, S.F., Costello, C.M., Higgins, D.G., Taylor, C.T., and 
McLoughlin, P. (2008). Hypoxia selectively activates the CREB family of transcription factors in the 
in vivo lung. American Journal of Respiratory and Critical Care Medicine 178, 977-983. 
Lin, W.Y., Chang, Y.C., Lee, H.T., and Huang, C.C. (2009). CREB activation in the rapid, 
intermediate, and delayed ischemic preconditioning against hypoxic–ischemia in neonatal rat. J. 
Neurochem. 108, 847-859. 
Lurie, K.G., Chin, J.H., and Hoffman, B.B. (1985). Decreased membrane fluidity and beta-adrenergic 
responsiveness in atherosclerotic quail. American Journal of Physiology-Heart and Circulatory 
Physiology 249, H380-H385. 
Ma, Z., Meddings, J.B., and Lee, S.S. (1994). Membrane physical properties determine cardiac beta-
adrenergic receptor function in cirrhotic rats. American Journal of Physiology-Gastrointestinal and 
Liver Physiology 267, G87-G93. 
 
 209 
McKinley, S.J., and Hazel, J.R. (2000). Does membrane fluidity contribute to thermal compensation 
of beta-adrenergic signal transduction in isolated trout hepatocytes? J. Exp. Biol. 203, 631-640. 
Mendes, E.S., Horvath, G., Campos, M., and Wanner, A. (2008). Rapid corticosteroid effect on β2-
adrenergic airway and airway vascular reactivity in patients with mild asthma. J. Allergy Clin. 
Immunol. 121, 700-704. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. (1999). Cortisol in teleosts: dynamics, mechanisms 
of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
Perry, S.F., and Reid, S.D. (1993). β-adrenergic signal transduction in fish: interactive effects of 
catecholamines and cortisol. Fish Physiol. Biochem. 11, 195-203. 
Petitti, N., and Etgen, A. (1992). Progesterone promotes rapid desensitization of α1-adrenergic 
receptor augmentation of cAMP formation in rat hypothalamic slices. Neuroendocrinology 55, 1-8. 
Pontier, S.M., Percherancier, Y., Galandrin, S., Breit, A., Galés, C., and Bouvier, M. (2008). 
Cholesterol-dependent separation of the β2-adrenergic receptor from its partners determines signaling 
efficacy. J. Biol. Chem. 283, 24659-24672. 
Reid, S., Moon, T., and Perry, S. (1992). Rainbow trout hepatocyte beta-adrenoceptors, 
catecholamine responsiveness, and effects of cortisol. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 262, R794-R799. 
Roozendaal, B., Okuda, S., Van der Zee, E.A., and McGaugh, J.L. (2006). Glucocorticoid 
enhancement of memory requires arousal-induced noradrenergic activation in the basolateral 
amygdala. Proceedings of the National Academy of Sciences 103, 6741-6746. 
Roozendaal, B., Quirarte, G.L., and McGaugh, J.L. (2002). Glucocorticoids interact with the 
basolateral amygdala β‐adrenoceptor–cAMP/cAMP/PKA system in influencing memory 
consolidation. Eur. J. Neurosci. 15, 553-560. 
Sakaue, M., and Hoffman, B.B. (1991). Glucocorticoids induce transcription and expression of the 
alpha 1B adrenergic receptor gene in DTT1 MF-2 smooth muscle cells. J. Clin. Invest. 88, 385-389. 
Sandhu, N., and Vijayan, M.M. (2011). Cadmium-mediated disruption of cortisol biosynthesis 
involves suppression of corticosteroidogenic genes in rainbow trout. Aquatic Toxicology 103, 92-
100. 
Sapolsky, R.M., Romero, L.M., and Munck, A.U. (2000). How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 
55-89. 
Sathiyaa, R., Campbell, T., and Vijayan, M.M. (2001). Cortisol modulates HSP90 mRNA expression 
in primary cultures of trout hepatocytes. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology 129, 679-685. 
Sheader, E., Wargent, E., Ashton, N., and Balment, R. (2002). Rapid stimulation of cyclic AMP 
production by aldosterone in rat inner medullary collecting ducts. J. Endocrinol. 175, 343-347. 
 
 210 
Takahashi, H., and Iizuka, H. (1991). Regulation of β2‐adrenergic receptors in keratinocytes: 
glucocorticoids increase steady‐state levels of receptor mRNA in foetal rat keratinizing epidermal 
cells (FRSK cells). Br. J. Dermatol. 124, 341-347. 
Terazono, H., Mutoh, T., Yamaguchi, S., Kobayashi, M., Akiyama, M., Udo, R., Ohdo, S., Okamura, 
H., and Shibata, S. (2003). Adrenergic regulation of clock gene expression in mouse liver. 
Proceedings of the National Academy of Sciences 100, 6795-6800. 
Viguerie, N., Clement, K., Barbe, P., Courtine, M., Benis, A., Larrouy, D., Hanczar, B., Pelloux, V., 
Poitou, C., and Khalfallah, Y. (2004). In vivo epinephrine-mediated regulation of gene expression in 
human skeletal muscle. Journal of Clinical Endocrinology & Metabolism 89, 2000-2014. 
Vijayan, M., Foster, G., and Moon, T. (1993). Effects of cortisol on hepatic carbohydrate metabolism 
and responsiveness to hormones in the sea raven, Hemitripterus americanus. Fish Physiol. Biochem. 
12, 327-335. 
Weber, J.M., and Shanghavi, D.S. (2000). Regulation of glucose production in rainbow trout: role of 
epinephrine in vivo and in isolated hepatocytes. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 278, R956-R963. 
Wen, A.Y., Sakamoto, K.M., and Miller, L.S. (2010). The role of the transcription factor CREB in 
immune function. The Journal of Immunology 185, 6413-6419. 
Xiong, Y., Collins, Q.F., An, J., Lupo, E., Liu, H.Y., Liu, D., Robidoux, J., Liu, Z., and Cao, W. 
(2007). p38 mitogen-activated protein kinase plays an inhibitory role in hepatic lipogenesis. J. Biol. 
Chem. 282, 4975-4982. 
 
